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ABSTRACT

Tihe subject is approached on three levels:

A comprehensive literature survey is made and the findings of investi-

gations conducted by the authors during the past few years in this field are
summarized. Basic assumptions for the present work are outlined, based on

the conclusions of the above survey.

An analytical study, supported by empirical data, was conducted on the
effects of the state of stress on the adhesive mechanical behavior of a
bonded interlaminar layer phase in the non-linear range and the time-deptn-

dency of that behavior.

Tests were conducted for the derivation of viscoelastic characteristics
of the adhesive phase and of the thermoelastic and hygroelastic parameters
of the representative adhesives and of CFRP adherends. The effects of tem-
perature and humidity with exposure time on the above characteristics were
investigated.

The major objective of the experimental work was two-fold:

a) To provide the basic data to serve as inputs for the analysis of the
hygrothermomechanical behavior of the bonded system;

b) To develop a methodology for the reduction of the vast experimental
work involved in the derivation and evaluation of such data, which
are essential for predicting the durability of bonded systems during

real service life.
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I. INTRODUCTION

1.1 PREFACE

The present project is in part a continuation of a previous research
conducted under the sponsorship of the U.S. Army European Research Office
in the years 1974-77. The present investigation was effectively started at
the beginning of 1980, following informal approval of the research proposal
by U.S. Army officials in London.

Thus the report here submitted covers more than a year's rescaick activity.
It constitutes a cooperative effort led by the Principal Investigator, with
contributions by a post-doctoral research worker, S. Gali, and two graduate
students - G. Yaniv (D.Sc. Candidate) and C. Dolev (M.Sc. Graduate).

The report comprises three main parts:

a) A survey of the international literature on the subject and a summary
of the results and conclusions of previous relevant investigations
carried out by the authors.

b) An investigation of the thermo-mechanical and hygromechanical behavior
of the constituents of a bonded system, namely adhesives and FRP.

c) An analysis of the stresses and the deformational behavior of the bonded
system as functions of time and of hygrothermal conditions.

1.2 BACKGROUND - PREVIOUS WORK

The present investigation is a continuation of extensive research work
carried out under the supervision of the principal investigator at the Material
Mechanics Laboratory of Technion - Israel Institute of Technology during the
last decade.

Part of the work was based on previous research activity, shared in bv
the principal investigator, which was conducted in the U.S.A. under the
sponsorship of Monsanto/Washington Univ.Assoc. ONR, ARPA, Department of
Defence in 1967-69.

That investigation was mainly devoted to the temperature effects in time
on the mechanical behavior of fiber-reinforced plastic (FRP) composites and
their "ductile" epoxy matrix (which in its mechanical behavior is qualitatively
similar to modern structural adhesives). Most of the results have been reported
in the literature [1-51.

At the Technion the relevant research activity began in 1970 on a wider
front, also covering the effects of the ervironmental-loading history on the
mechanical performance of similar FRP composites (which may serve as adherends
in structural bcnded systems). That investigation thus included in its scope
the effects, in time, of moisture and temperature on both loaded and unloaded
FRP composites and their matrices. The research was sponsored by the U.S.
National Bureau of Standards in 1970-73 and by the Israel Council for Research
and Development in 1973-7h. The results were reported in the literature [0-121.

, . . . .. . j. .. -.. . -- ,, -± . , ... ' - _ -,, .. . ,,,., .. . .. . . .. . . ,. . , . ' . - A -- c ":
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The Research on adhesively bonded systems was divided into two stages.
The first stage was concerned mainly with the stress analysis of the bonded
system under loading in the elastic and inelastic ranges, without, however,
considering either the time-dependence of the behavior or hygrothermal
effects. It was sponsored by the European Research Office of the U.S. Army
during 1974-1977, and was reported in [13-181. The second stage of the re-
search effort here referred to dealt with the mechanical characterization
of structural adhesives, under different loading modes and hygrothermal
conditions. That investigation has been sponsored by the Israel Ministry
of Defence since 1978 and will be carried on until 1981. It has so far
been reported in [19-23].

The scope, and the goal, of the present research project, entitled
"Durability of Adhesively Bonded Systems", are wider and more complex than
any of the foregoing investigations. It embraces, in combination, all the
subjects reviewed above, as demonstrated by its title:

Durability - refers to the environmental effects with time, the effects
comprising temperature, moisture, and loading.

Adhesive - is meant to refer to the viscoelasto-plastic phase, the
mechanical characteristics of which are non-linear and strongly influenced
by hygrothermal factors in time, and, finally, Bonded-systems: These include
two additional major phases: The composite FRP adherends and the adhesive-
adherend interfaces, which are both strongly dependent on the different
variables of the environmental-loading history and on current conditions.

Thc complexity of the stres'; Iand a lur, analysis when dealing with the
adhesive alone (considering metal adherends, and cohesive failure) is demon-
strated in Fig.l.l while the problems encountered in the study of the effect
of moisture when interfacial behavior must be considered, is shown in Fig.l.2

Even a qualitative evaluation of parametric effects on a bonded joint,
when all three phases must be considered, is indecisive, as can be seen from
Table i.i.

It follows that in order successfully to tackle the complex problems
involved in the present research, all available information on the different
phases and aspects of the subject must be collated and evaluated.

Fortunately, as previously pointed out, most of the preceding investi-
gations are relevant, covering as they do different but complementary parts
of the subject, as illustrated in Fig.1.3.

The first part of the research effort in the first year was accordingly
crganised as shown by the following sequence of activities:

1. Compilation and summing up of information available from previous in-

vestigations relevant to the subject.

2. A survey of the International literature.
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Y echanical characterizations of structural adhesives.

Mechanical performance of adhesively bonded models.

These topics will be briefly summarized in the following pages:

.1 ENVIRONMENTAL EFFECTS ON FRP LAMINATES (Refs.l-12)

. 1.1 Research objectives

Investigation of separate and combined effects of moisture, temperaturt-
and loading on FRP with time.

Assessment of the response and contribution of each composite phase:
fibers, matrix, and interfaces, to the FRP durability.

Distinction between reversible and residual effects.

Distinction between current and history effects.

Study of out-door weathering effects as compared with in-door controlled
laboratory conditions.

Correlation between macro-behavior and interstructural micromechanisms
responsible for the composite durability, in order to develop a non-
destructive methodology for following-up FRP in service life.

The scope of this research is illustrated in Section 2.1.2 and major
:indings are given in Table 2.1.



2.l. Scope o f rusearch

ENVIRONMENTAL EFFECTS ON MECHANICAL
BEHAVIOR OF FRP LAMINATES

THEMEAUTIME BEHAVIOR

"I NSTANTANEOUS" EFFECTS WEFGHT ANA

DEGRDATO FINA

REILHYGROTHE PJMAL EFET TESSRI

"STES COROIO

-p OF LOADED FRP
(CREEP RUPTURE)

"ENV IRONMENTAL CYCLING"

SERVICE ENVIRONMENT jWEATHERING

NDE-vs. DEFSTRUCTIVEl

R.1E TC



2.1.3 Research Conclusions

- Thermoelastic and hygroelastic behavior have similar effects on internal
stresses and deformation behavior.

- Time-dependent thermal effects on FRP matrix-dominated properties obey
same law as for the unfilled matrix and are not affected by the mode
of loading.

- Moisture penetration mainly reduces matrix-dominated FRP properties, at
elevated temperatures. This effect is reversible by drying

- Fiber and interfacial degradation process in GCR1 composites is activated
above a critical hygrothermal level. This effect is non-reversible and
is accompanied by weight loss.

- Stress corrosion of fibers is activated above a critical loading level
and accelerated by hygrothermal conditions.

-7 ---



.2 MECHANICAL CH-ARACTERI STIC'; OF ADHESIVE MATERIALS (Refs. 19-23)

2.2. 1 SCop of research

MECHANICAL CHARACTERISTICS OF STRUCTURAL

ADHFSIVE MATERIALS

iided- in-situ adhvslv Bulk adhesive characteristics

Behavior under different and

compound state of stress

Failure envelopes, effective stress

and 6train concept

Thermal effects

1Moisture and hygrothermal effects

strain-rate effects

Procedure for mechanictil chartacterization

of st rturalI adhesives
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2.2.2 Problems involved in the mechanical characterization of the adhesive layer

- A weak and flexible polymeric layer - the adhesive - is assigned the

task of transferring a load between strong and stiff elements - the
adherends.

- Measuring the mechanical properties of the thin and confinea adhesive
layer is a highly sophisticated operation.

- There is poor correlation between the characteristics obtained bv testing

bonded specimens in the laboratory and those exhibited b%' : bonded

structural element in service.

The mechanical behavior of - usually polymeric - adhesives is of a visc,-

elasto-plastic nature, which is characterized by non-linearitv, time-
dependence, and sensitivity to hygrothermal conditions even at low stress
:evels.

9.2.3 Proposed procedure for the mechanical characterization oI a bonded adhesive
layer. (See the flow chart in Fig.2.1)

The mechanical characterization of bulk adhesive specimen. bv standard
methods as used for the characterization of a lamina in a multilaver

laminate.

Simr e uniaxial loading tests will be conducted bv conventional methods
in order to obtain stress-strain relationships in tension ind compression.

The elastic behavior and the failure envelope of the bonded adheiive will
be determined from the available elastic relationships between moduli and
failure criteria respectively.

ibt. stress-strain relationship for the bonded adhesive in to failure unt'cr
compound stresses will be determined by applying an effective stress-strain
methodology.

The time-dependent bonded adhesive behavior in different environmental
conditions will be assessed using the knowin stress-strain-hyi\rethermal-
time relationships of the adhesive material's bulk behavior.
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2.3 MECHANICAL BEHAVIOR OF BONDED SYSTEMS (Refs. 13-18)

2.3.1 Scope of research

MECHANICAL BEHAVIOR OF STRUCTURAL BONDED SYSTEMS

Structural bonded models

Closed-form solution Numerical solutions

Interlaminar stress distribution and deformation

behavior of the bonded system

Thermal residual stresses after

curing and during service

Stresses under static load

(elastic range)

Stresses under static load

(inelastic range)

Stresses under thermomechanical
[ iuadtL~g

StressesAh vt under cyclic

Parametric effects
on mechanical
performance of Phase geometry
bonded svstem Edge conditions

-- A



-9-

2.3.2 Problems involved in the stress analysis and the failure evaluation
of bonded systems.

- Three-dimensional non-linear analytical and numerical methods are required
for the prediction of the mechanical behavior under compound stresses.

- The bonded structure (the joint) is characterized by material heterogeneity
and geometrical discontinuity. Both induce a complex stress concentration,
which is located inside a very narrow zone close to the adhesive boundaries.

- Residual stresses are induced during the fabrication process and, in service,
fluctuate with hygrothermal conditions.

- Due to the joints' multiphase structure, several failure modes may be
activated in the different phases of the bonded system, all difficult to
predict, detect, and track, especially during exposure in service.

2.3.3 Conclusions:

The following conclusions are based on the finite-element numerical solution
of an axially loaded symmetrical doubler model composed of aluminum adherends and
thick adhesive epoxy layer (IAL).

- The distribution of shear and lateral normal stresses through the IAL thick-
ness and length are uniform within the "middle zone", wniuh comprises about
98% of its total length.

- Maximum values of all stresses and their principal counterparts were
attained in the "boundary zone", which constitutes only 2% of the IAL
length close to the central adherend interfaces.

- The average interlaminar stress levels were significantly lower than their
actual individual extreme levels; they could thus not be used for the pre-
diction of the doubler strength.

- Due to the narrowness of the boundary zone, its stress behavior is not
reflected in the overall deformation behavior of the bonded structure,
nor could this behavior be directly measured experimentally. It is, how-
ever, of a decisive influence on the ultimate IAL behavior and must be
considered when failure and strength characteristics are discussed.

- A non-linear FEM procedure can be applied to the determination of the two-
dimensional stress distribution within the double IAL through the linear
and non-linear ranges of the stress-strain relationship of the adhesive
material.

- The FEM results can be used for predicting the visco-plastic ductile failurk
mode within the IAL, provided its effective inelastic stress-strain relation-
ship is available.

- A significant difference in stress distribution was found to exist between
the linear and the non-linear solutions in the critical "boundary zones".
The assumption of plane stress led to higher effective stress levels
compared with plane-strain state.

- A simplified elasto-plastic stress-strain relationship input leads to an
IAL stress distribution similar to that obtained with the more realistic
non-linear stress-strain curve.
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2.4 BASIC ASSUMPTION FOR THE PRESENT AND FUTURE STUDY

Conclusions drawn from previous investigations led to several assumptir.,
'or the present research, as follows:

The fundamental mechanical behavior of a thin adhesively bonded layer ii

situ is similar to that of the bulk adhesive material.

The bonded ahdesive layer between adherends can be treated as a lamina
within a multilayer multimaterial laminate.

The adhesive layer can be defined as a visco-elasto-plastic material, tY,
behavior of which is time-dependent and affected by environmental con-
ditions in accordance with laws dictating the behavior of "ductile"

polymers.

In a bonded system which has been given proper surface treatment, the
failure is cohesive, i.e. it initiates within the adhesive layer.

Failure initiation within the adhesive layer can be related to two
critical points:

a. The onset of elastoplastic behavior - or, in other words, the exceedin.
of the elastic limit. Beyond this limit residual stresses and strain-,
accumulate during cyclic roading, possibly leading eventually to

failure.

b. The yield point - or the plastic limit.

3. LITERATURE SURVEY

Material for the survey was mainly collected from the following sources:

Current Journals and Conference Proceedings

International Journal of Adhesion and Adhesives

Journal of Composite Materials

Fiber Science and Technology

Composites Journal

Polymer Engineering and Science

Journal of Applied Polymer Science

ASTM Journal of Materials and Evaluation

Journal of Material Science

SAMPE Quarterly-SAMPE Journal

SAMPE Conference Proceedings

SPI Conference proceedings

Information Sources

U.S. National Technical Information Service (NTIS)

Engineering Index (Compendex)

Current Research Reports (SSIE)

_ _ ~1f
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Conference Papers Index

Scientific Technical Aerospdce Reports (STAR)

International Aerospace Abstracts (IAA)

Applied Mechanics Review (AMR)

In the past decade extensive research was devoted to the hygrothermal effo.ts
on the durability of composite polymeric materials and their matrix and of

structural adhesives.

The vast information available on this subject, which is of major im-
portance to the technological development of high-performance materials lotr

mainly aircraft and spacecraft structures, may be classified as follows:

- Hygrothermal effects on polymeric matrices and adhesives

- Hygrothermal effects on fiber-reinforced plastics (FRP) (adherends)

- Thermoelastic and hygroelastic characteristics

- Hygrothermal effects on bonded systems

- Durability considerations in the design and applications oif bonded

systems

3.1 HYGROTHERMAL EFFECTS ON POLYMERIC MATRICES AND ADHESIVES MATERIALS

3.1.1 The absorption proaess

The subject of moisture absorption into,.and desorption from, polymers.

polymeric matrices, and FRP composites, is being widely investigated.

This topic was briefly surveyed in ref. [241. There are two mechanisms

for water penetration into a polymer, polymeric composites, and bonded systems:
a) Diffusion through the matrix bulk, and b) Absorption through the fiber-

matrix, or the adhesive-adherend, interface.

It was found that bulk diffusion into polymeric materials, adhesives, or
composite matrices, approximately follows Fick's diffusion law until close to

the equilibrium absorption state.

In bonded systems and composite materials, however, the situation is much
more complex, and the absorption laws are correspondingly so [25]. This is due
to the fact that the matrix is not free to swell during exposure. If a matrix
or thin adhesive layer is under stress due to adherend or fiber-restraints,

absorption will not follow Fick's law, as was demonstrated by Shen and Springer
[261 and Loos et al. [27]. The moisture profile through the material thickness
as a function of time is of interest for the stress analysis of laminated com-
posites and bonded systems.

Althof [281 succeeded in measuring the moisture profile along a bonded

adhesive layer as a function of time, and his experimental findings conform
well with the analytical prediction. Data of diffusion parameters for epoxy

composites and neat resins can be found in ref. [29]. Recently the deter-
mination of moisture distribution in composite laminates as a function of time
and relative humidity was discussed by Sandorff and Tajima [30,311.
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i.!iculty in the analytical determination and the measurement of the

meit,.rc !ieiribution In in-situ bonded adhesives is above all due to the ob-

scur -1 restraining effect of tie adherend on the absorption process.

i ,thermal effects on matrix and adhesive characteristics

,, tluence of temperature and moisture on a polymeric (chiefly epoxy)

- n investigated -xtensively. Most of the data available concern

the matrix-dominated mechanical characteristics of FRP such as

train k: .... ,hear moduli and the strength of U.D. lamina.

iart ot this great store of information is summarized in Section 2.1 of

this he,,rt as well as in refs. 2, 6, and 7; and it is also surveyed in the

ne.-t Sction, which deals with the effects referred to on FRP as adherends in
b iided eetelis. The evidence trend towards a reduction in strength and stiff-

nes; with hi, eher temperature and moisture content is common to all findings.

i, effects of temperature and moisture on the mechanical performance of

str ,- ,dhesives, whether as a bulk material or as a bonded phase, has been
inve. !,ted much less. Some of the authors findings on this topic are sum-

marizt-. ii Section 2.2 of this report and in refs.19, 20, 22, and 23.

, w:rks of Althof 132,331 provide comprehensive information on the effects

of t, -i;-t. ture and relative humidity to the stress-strain relationship and dy-

naric response of several commercial structural adhesives as a function of ex-

,, v Delollis J3iei provides some vital information on the long-term

pertor, a'as of different structural adhesives exposed to real environmental

condiciori:, tarine ambience and sun exposure). Most of the adhesives begin to

degree, i -: after prolonged exposure. The contradicting results obtain in

sever J ii i- were attributed to the differing contributions of surface treat-
ments oi :Ie adherends to overall strength. Wegman et al. f35] proposed a

metlcod ir .ssessing the long-term durability of structural adhesives based on

--- -, 1 ;Thnatnry tests.

,, nt, Almer et al. 1361 have found that exposure to moisture of the

adhesiv\c prepregs before curing will affect their dynamic mechanical charac-
teristie" in service.

I:, tr.nd towards a decrease in mechanical performance with hygrothermal

expoa ;-c vas found to characterize adhesives similar to bulk polymers. Hence,
the Law,; ,h!h govern stress-strain-temperature-moisture vs. tima and which

were rmwid te apply to bulk epoxy resins (refs.1, 2) may be adopted for pre-

dictin the long-term mechanical behavior of structural adhesives.

effect of moisture in impairing the mechanical performance at elevated

te, pvi ,es of matrix and adhesive was found to be reversible, and it could

ve . to the reduction In the glass transition temperature of the
po ,. 7,,

. I' r,"J'pMA EFFECTS ON THE INTERFACES

1 the recent significant advances in structural adhesives and surface

trefattnw, the weak link, which had previously been the adhesive-adherend inter-
face. wiv; shifted to the adhesive or to an imaginary boundary layer located

bet , idhesive and the interface.
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Moisture penetrating to this region may reverse the effect by reducing
stress concentration in the "plastic" adhesive on the one hand and by weakening
the interfaces by a water molecule penetration mechanism, on the other.

The mechanism of interface weakening is a combination of physical. chemical,
and mechanical, effects (See ref.7).

3.2.1 Physical effects

Wet interfaces have a lower surface ernergy and tend to be more stable
than dry ones; thus high adsorption forces act at the interface against the
existing interfacial physical bonding forces.

According to DeLollis [371 such forces are responsible for stress con-
centration which initiates, and causes the propagation of, interfacial cracking.
An attempt to measure the reduction in interfacial bonds due to wetting on the
basis surface energy considerations was made by Kaeble et al. [38,39]. The
system was a fiber-epoxy composite; but the physico-mathematical approach may
be applicable to other bonded systems, too. Good agreement was found to exist
between measured and predicted shear strength values of wet vs. dry systems.
The main criticism of the thermodynamic-energetic approach is its inapplicabltli-
to highly brittle systems with very low interfacial bonding. A pronounced
discrepancy is found between theory and experiments in the case of structural
adhesives which had been subjected to high plastic deformation [40,41].

3.2.2 Chemical effects

Most metallic adherends used in adhesive bonding are sensitive to the
presence of water. In the case of aluminum two processes may occur:

a) Hydration of the oxide layer.

b) Dissolution of the Aluminum underneath the oxide layer.

Both effects accelerate the galvanic corrosion which is initiated by the presence
of copper, zinc, or magnesium, in the aluminum alloy. According to Patrick [421
the dissolution process begins with the formation of an alkaline solution due
to the solubility of the amine hardener contained in the adhesive. The alkaline
solution in turn releases aluminate ions (AlC2 ) from the aluminum oxide.

Orman & Kerr [43] found that an increase in the pH of aqueous solutions
has a pronounced effect on the chemical processes at the metal surfaces. It
is known that a seawater ambience has a deleterious effect on bonded aluminum
joints similar to that of bulk aluminum.

The contribution of a primer layer to improved interfacia] strength has
been widely investigated. It was found that the introduction of such a primer
"interlayer" augments the resistance of interfaces to the corrosive effects
of water and thus shifts the focus of weakness to the tough adhesive laver even
in a severely moist ambience 1441.

1.2.3 Mechanical effects

The residual strength of bonded aluminum/epoxy joints which had been
loaded while being exposed to a water ambience was found to drop considerably
as exposure time increased [43,451. The failure was found to initiate at the
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altminum oxide layer. Thus reduction in residual strength is attributable to
the weakening of the oxide layer due to its hydration.

Most of the reduction in residual strength was found to be reversible by
drying [45,46]. Lewis and Natarajap [411 have suggested a mathematical-mechan-
ical model for interfacial bonding consisting of an aggregation of linkage
n cvnts which is progressively attacked by water molecules penetrating to it.
t1hus the rate of interfacial strength reduction may be re'nted to the rate of
moisture diffusion. Several works apply a fracture mechanics approach in

aling with the effects on the joint strength of moisture penetrating the
,icrfaces. That method is represented by the contribution of Mostovov et al.
. --. Recently the effects of temperature and moisture on the stresses
• ,1ced at fiber-matrix interfaces was studied numerically by Adams et al. 0,51 ,
-w used a finite element (FEM) approach. Their solution takes into account
•he non-linear behavior of the epoxy matrix and describes the stress distribution
rattern over the interfaces. That approach may be applicable to the solution of
,imilar problems but involving hygrothermal effects at adhesive-adherend inter-
i ces in bonded systems.

HYGROTHERMAL EFFECTS ON FRP ADHERENDS

Moisture penetration and temperature changes may affect the performance
<4 FRP adherends in three ways:

a) Thermoelastic (TE) and hygroelastic (HE) deformation of the laminate
as governed hv the TE and HF characteristics of the constituent layers.

b) Inter and intra-laminar residual stresses induced in the FRP systems
io the course of curing and us a result of subsequent stress
variations due to fluctuations in ambient service conditions.

c) Deteriotation of the mechanical characteristics of FRP due to prolonced
exposure (Durability).

•. . Thermoelastic and hygroelastic behavior )f polymeric composites

Variations in ambient conditions, viz. temperature and humidity, were found
have similar effects on.deformational changa6--olymers and polvmeric com-

oste '. These effects, which are controlled by the polymeric matrix, are much
ire pronounced in the tranverse, than in the longitudinal, direction. In
\,tLreme cases, such as Carbon-fiber reinforced plastics (CFRP') and Keviar-fiber

.!,inforced plastics (KFRP), the coefficient of tlermal expansion (CTE) in the
- rection of the fibers is even negative but negligible. In textbooks dealing
.Ii, structural design [52,531 with FRI' materials both thermoelastic and hygro-
*,itic behavior are treated in the same'way because of the approximately linear,
-1 reversible, relationship between temperature change and respective moisture
nrtent on the one hand, and the deformation response of these materials on the
Sier. That approach is based on the analytical work of Halpin and Pagano in
, 541 . It is justified when the problem of hygrothermal stresses in multi-
,'or laminates in the curing and service otages is considered. !53,55[ From

more riorously scientific point of view, however, there is a fundamental
"',ren,-e between the thermoelastic and the hvgroelastic phenomena and mech-
*:ms, and they require differenct approaches in their respective studies.
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3.3.1.1 Thermoelastic characteristics

Analytical studies aimed at predicting the coefficient of thermal
expansion (CTE) from the properties of the different constituents were begun

at the same time as similar efforts toward the elastic solution of the problem.

Schapery [561, using energetic principles, concluded that a simple law (very
similar to the "rule of mixture") can be used for the prediction of the CTE

as well as for extending the results to viscoelastic behavior.

A similar micromechanics approach by Rosen and Hashin [57) resulted in
a more complicated solution for the CTE of multiphase anisotropic composites

havingany number of anisotropic phases. That result, an "effective CTE", is

given in terms of two bounds, which reduce to those of Schaperv for the case
of two phases.

An analytical solution for the CTE of composites was provided by Halpin
and Pagano [54) and confirmed experimentally by the work of Fahmv and Ragai

[581 on angle-ply CFRP composites.

In recent vears several works have been devoted to the experimental

investigation of the CTE of specific composite systems, which are used mainly

in aircraft structural elements. Marom and Gerson [59] studied the effect of

interfacial bonds on CTE of unidirectional (U.D.) CFRP and GFRP; Rogers et al.

1601 investigated the effect of fibre orientation on CTE of CFRP within a wide
temperature range. The effect of carbon fiber anisotropy on CTE of U.D. cor-

posites was treated by Ishikawa [61] with the aid of both experimental and

analytical methods.

CTE of U.D. and of angle-ply CFRP laminates were measured by Strife

and Prewo [62], the results.for U.D. laminates being also examined in the light
of formulas taken from micromechanics. The time and temperature dependence of

CTE in different types of U.D. CFRP systems was investigated by Dootson et al.

f631.

Thermally invariant characteristics of composite laminates were derived

analytically by Miller [64]. In this case, as in the previously reviewed

studies of thermoelastic behavior of composite laminates, the analysis is based
mainly on invariant lamina properties [651 and on the classical linear laminate

theory concerning the effect of the thermal loading concept 153,55,661.

In spite of the very large amount of data derived, experimentally for

CTE of U.D. lamina it is difficult to establish a firm, accepted average value

even for lamina of identical compositions. This is due to the high scatter

found when comparing the results obtained from different sources, as shown in

Table '.I

One explanation for that scatter attributes it to the intervention of
shrinkage (or swelling) due to drying (or wetting), which is responsible for

the dimensional changes during the measurement of CTE. Most of the publications
surveyed above took no account of the hygroelastic characteristics in this

connection, nor did they mention any experimental details which might reveal

the ambient conditions of humidity during the tests.



.3.1.2 Hiyroelastic characteristi-cs

The hygroelastic behavior of composites and their hygroelastic co-

,fficient (HEC) were studied much less extensively than the thermoelastic

,haracteristics. The significance of the effect of moisture on the elastic

ind strength performance of polymeric composites has only been acknowledged
n recent years. It is being attributed mainly to the effect of moisture

nenetrating into the matrix (adhesive) and interfaces and the resulting de-

,radation in the mechanical characteristics of the composite and bonded system.

, ither less attention was paid to the swel ling and shrinkage process attending
.he wetting and drying of the materials through exposure to environmental
-sanges. That phenomena, termed hycroelasticity, is often treated in a way

,,ciogous to that applied to the thermoelastic effects by virtue of its

.n aritv and reversibility within the range of practical service conditions.

Previous research on the hygroelastic behavior of GFRP at different

timidity and temperature levels is summarized in Section 2.1 of this report

md discussed at some length in refs. 6, 7, and 10. A more comphrehensive

tdv is reported in ref. [241, which deals with dimensional changes in glass

filled and unfilled epoxy resin at different humidity levels. The major findinz

,,4 that work is the linear relationship between relative humidity, moisture

isorption, and dimensional changes, which is characterized by an almost constant

.ygroelastic coefficient (HEC), independent of the humidity level and exposure-

time history.

1 .3 Hygrothermoelasticitv in s tructural design & applications

In recent years the thermoelastic and hvgroelastic concepts were in-

'rcduced into the analysis and design of structural composite materials 152.
;,55], due to the interest in thermoelastic and hygroelastic characteristics

'id behavior of certain graphite/epoxy composites having extremely low CTE and

titC' with high stiffness and low density like ('v 70 1251. These composites are

,;sec for structures which must possess dimensional stabilitv under extreme
-.aperature and moisture conditions. For example: Space structures [671,

Antenna truss structures [681, and optical bench 1691. For such applications

is well as in order to know the effects of the environmental history on the

'eformational behavior of an FRP adherend as part of a bonded structured more

information is needed on the HEC and CTE characteristics of different composites.

matrices, and adhesives.

The wide scatter of the available data is attributable to the dependency

HEC on the environmental historN before, and the thermal conditions during,

rhe tests.

One of the objectives of the present research is to investigate the

;te:rdependence of thermal and hvgroelastic characteristics, i.e. the effect

moisture on CTE and the effect of temperature of HEC.

.3.2 Hvgrothermal effects on stresses and failure in FRP adherends

In recent years the problem of failure initiation (first-ply failure,

-Threviated FPF) and its propagation has been studied extensively (70,711.

the case of FRP laminates, which are composed of lavers characterized by a

')nounced difference between their transverse and their longitudinal CTF

• -. - • • . • ... --
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All , i'P and KFRP) residual t rsses :tre indu'ed hur in, uring due t,,
)e' h, qa l incompatibilitv between lami:at, I avcrs '72,731. in severe cases,
hose residual stresses exceed the laminar tr;nsversk, strengtl, transverse

'a,- ,ilreadv appear while curing! is still in progress [74,7h5. In a more
, .:t f, situation, matrix selling due to the penetration of coisture will
,':Iance the residual transverse curing, stresses and delay crack in-
:c ind first-ply failure under external loading f h7,77,72,;. The efft-ct
• , r, penetration in service (0 interlaminar residhial stresses in 9FRP

t t vir effect on reducing the laminar failure limit ,:as investigated b

,f7 1 I who measured the curvature changes of' a non-svmmetrical laminat
, i,,isture absorption over a period oI time. Fhe CAnmined e!-et '

o moisture and subsequent thermal cy cles on CFRP was investigated 'cx
rn .)vres [80f, who found that strength degradation through crack

,.i:' n was :i,,ceLerated by moisture penetrating into exist ing microcracks.
,,rcs et al. have carried out an extensive analytical study on thie

t humid ambience on the moisture profile and subsequent stress
:tributor. through the thickness of a M.D. FRP laminate [RIl,82.

it mar he concluded that the combined effects of thermal and moistur.
vIrlatiCns can be detrimental by inducing stresses which, in ,.treme cases,

iause crack initiation followed by propagation, even in unloaded FRP.
,n the other hiand, when acting in opposite directions (i.e. drving at an
,evated temperature), hygroelastic stresses counterbalance thermal stresses
inj ra thus delay crack initiation and increase level of FPF under sub-

ovcrothermal effects on structural characteristics o-f ..RP laminates

Irlnc the last decade a vast amount of information was .Accumulated
... nvironmental effects on the mecianical performance ,f FRP structilrail

This testifies the intense effort invested in this subject and t
*."o, ic'rtance of this field.

A urief summary of the findings up to 1977 is given in Section 2.1
res. 6-9 and ref. [83]. More information is available in two Proceed-
A<TM conferences on this subject [P4,85]. Most of these works were

1,,th the effects of long-term hvgrothermal exposure on the gross
. ciharacteristics of FRP, such as stiffness and strength 18h-RI

urirrentlv more attention is devoted to the effect of moisture and
: e on interlaminar FRP characteristics under shear and compressive

j, ",nd also under curing and in environmental conditions alone. The
d found in all these investigations is the decrease with prolonged

t,,, l rothermal conditions, in matrix-dominated characteristics ;uch
, s' and interlaminar shear and compressive strength

. ,RC)THFRMAL EFFECTS ON ADHESIVELY BONDED SYSTEMS

'otplexity of this subject stem from the complexity of the material
red whicli is characterized, in the general context , h multi-phase,
.rcree-dimpnsional unisotropic modes of behavior

idliesive phase b itself when bonded to the adherends is characterizc(
tt):rs!, t ic characteristics which are highly sensitive to hvgrotherma l

" I, d ifer(nt aspects and approaches to tackle i111 such systems
in '-e,'-ior 2. i and in rfs. [1l,-2 .



Similar to FRP, here, too, a vast body of information is available in
the literature. Most of it has engineering value and concerns the effects of
different conditions of prolonged service on the residual strength and fatigue
characteristics of both loaded and unloaded bonded-joint models. Some of the
findings are reviewed in Sections 3.1 and 3.2 of the present survey, which dea'
with the influences to which adhesives and interfaces are subject.

In this section the survey deals with three aspects of the hygrotherma!
macroeffects on the bonded system as a multilayered structure, as follows:

a) Thermoelastic and hygroelastic behavior of the unloaded system;

b) Durability of the unloaded bonded system; and

c) Durability of the loaded system.

3.4.1 Thermoelastic and hvgroelastic behavior of bonded systems

The analytical approach to the solution of the problem of deformation
and stress of bonded systems due to HT effects is similar to that applicable
to FRP laminates (Section 3.3.1). The main difference is to be seen in the
fact that here the polymeric-adhesive phase can be geometrically and mech-
anically defined as a separate phase - in contrast to the difficult analytical
representation of the polymeric matrix phase in composite materials.

In bonded systems the HE and TE problem appears whenever CTE and HEC

of the adherends are incompatible, e.g. when different metals are bonded
together or metals are bonded to FRP. In such cases the main objects of the

analytical study are the deformation of the bonded striicture and the inter-
laminar stresses within the adhesivc laver-,.

The thermoelastic stresss crearted within the adhesive and the adheren ..
develop in two principal stages. Fir-;t, thermal stresses remain after the
bonded system has cooled to room temperatur, -ollowing the curing process.
These residual stresses undergo additional changes in the course of time and
may eventually lead to delamination failure-mode [89] due to thermal fluctuations-

during service.

This problem is particularly severe in CFRP-aluminum bonded systems,
where the difference in thermoelastic characteristics is high and delamination

between the two adherends may occur, in extreme cases, even during the curing

stage.

The analytical problem involved was approached on four levels:

a) Solving the average thermal stresses in the adherends by assuming, i,
turn, axial stress and plane-stress, and neglecting the interlaminar and laminat
stresses close to the free end [901. This was similar to the approach of
Timoshenko [91] and to the classical composite laminate theory [53,55,661.

b) As an extension of the general study of the interlaminar behavior
)r laminated plates [92,761, solvinp the interfacial stresses while neglectinc

the cbdracteristics of the interlaminar adhesive phase. In most of these
;olutions boundary conditions were not satisfied.

*~ *. M



c) Solving the problem by representing the bonded joint as a three-
phase model, assuming either plane stress or plane strain, and solving th'.
differential equation for the derivation of interlaminar stress distributions
[93-951.

In most of the cited works, whenever a closed-form solution was obtain(-e,
stress distribution in the critical zone close to the free ends does not satisv.'
boundary conditions.

d) In..iecent years the problem was tackled by numeri(cal methods, such
- the finite element method. Only such an approach provide,! -uolutions whi.
-,atisfied boundary conditions [19-98).

The analytical study of the effect of moisture diffusion and internal
profile on the stress distribution follows the trend used for sa effects on
FRP as reported by Chamis [81,821, Lee et al. [791, and others. Althof !281
found a good agreement between the analytical prediction and experimental
findings concerning the moisture profile and the resulting stress distribution

within a structural adhesive layer bonded to aluminum adherends.

Weitsman [9q] analytically studied the effect of moisture absorption
on interfacial stress-relaxation within an adhesive layer bonded to elastic-

adherends. Such visco-elastic behavior was found to reduce stresses but

assumed to be reversible on drying.

The coupled effects of temperature and moisture fluctuations on

iaterlaminar stresses within layered systems was studied theoretically by
Pipes et al. [100], and their results showed both the magnitude and distri-
bution of hygrothermally induced interlaminar stresses.

More recently a similar study, which took into account the time-

(ependenc v of the behavior, was reported by Sib and Shih [1011.

In spite of the known significant effect of the bonded system's hygro-
thermal exposure on its residual stresses, only comparatively few analytical
solutions are available. This is due to the mathematical complexity of the
problem, as discussed before.

Further experimental study of these effects is required in order to

examine the validity of the existing solutions.

3.4.2 Durability of unloaded bonded joints

One representative source of information on this topic is that of
Minfold [102,103] who carried out comprehensive investigations with unloaded

ioint specimens exposed to different ambient conditions (seawater immersion,
freezing, and d-ving, at different temperatures, etc.). The variations over
years in bonded joint strength were measured, and the results indicated that

exposure to a marine environment was the most corrosive, whereas exposure to
RT water has almost no effect on joint strength. Even in the most severe
cases, however, accelerated degradation only started after more than a year.
so that information on short-term exposure, even under extreme conditions, could
not be extrapolated for the prediction of long-term durability. Adhesives curcd

at elevated temperatures and under pressure are more durable than adhesive curo,,
without pressure. The effects of different surface treatments on durability in

hostile environments show contracdictorv results.
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In most of the tests so far conducted single-lap-joint (SLJ) or double

leg joint (DLJ) specimens were used, but their strength data are difficult to

interpret due to the non-uniformity of the interlaminar stress distribution

and the coupling of bonding moments, which together create lateral stresses

(peel) at the joint edges. The combined effects of peel and shear stresses

on ultimate failure complicate the failure mechanism and essentially limit

these tests to qualitative comparative purposes. Recently thick adherend
specimens (TA) have become widely used due to their more uniform interlaminar
shear stress distribution and to the minor contribution of peel stresses to

the total behavior which characterize them.

The behavior of TA joints was investigated by Althof and Brockman [321,
who exposed them to different hygrothermal combinations. The resulting stress-

strain curves in shear indicated the general trend of the reduction in plastic
yield strength with an increase in temperature and relative humidity. Garett
et al. [104] found strength increases in bonded DLJ CFRP joint with drying at
elevated temperatures. On the other hand, an increase in moisture at elevated
temperatures resulted in a pronounced strength degradation.

The effects of moisture content on the strength of FRP/Metal DLJ joints
were studied by Wolf [105,106]. He found that moisture may improve joint

strength at a low temperature but that its influence is small at intermediate

temperatures; while at elevated temperatures it reduces strength.

These findings, together with similar results obtained by Althof [33],
may explain the opposing effects of moisture on bonded joints: On the one hand,
it relaxes the high stresses at the joint edges, while on the other it has a
weakening effect on the adhesive layer and interfaces. The mechanism that pre-

dominates will eventually determine the strength and durability of the bonded
joint.

The combined effects of moisture and temperature on the strength of

CFRP bonded joints was investigated by Parker t1071. His findings indicated
a drop in strength with increasing moisture content of the constituent materials.
The failure mode gradually changed from failure within the composite in dry
conditions to cohesive failure of the adhesive in the case of specimens exposed
to prolonged hygrothermal influences.

3.4.3 The durability of loaded bonded systems

The combined mechanical and hygrothermal effects on the residual strength
of bonded joints was investigated by Bethune 145], who found a drastic drop in
joint strength after a brief warm-water exposure of loaded specimems as com-
pared with unloaded control specimens, which produced hardly any significant
change in strength. Higher loading levels resulted in yet shorter times to
failure.

Similar tests by Lohr [1081 showed that under exposure to moisture the

typical bond failure was cohesive when a primer was used, but adhesive without

primer. In the case of specimens with primer - characterized by cohesive failur -

drying resulted in the recovery of the original strength. Wegman et al. [351

showed that the curve, strength vs. exposure time, of an unloaded joint under
specified hygrothermal conditions is similar to the trend derived from the test
of loaded joint specimens conducted in accordance with the pertinent ASTM
standards.
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The durability trends of loaded joint specimens may thus be extrapolated
from the corresponding data of their unloaoed counterparts. A model for pre-
dicting joint durability was recently proposed by Cledhill et al. [1091.

A most comprehensive study of the performance of structural bonded
systems was conducted under the PABST program in the last five years. The
Design Handbook for Adhesive Bonding 1101 summarises a part of the findings
from the points of view of technological design. The current PABST reports
deal with hygrothermal effects on mechanical characteristics of the bonded
system and their time-dependency l1l1,1121.

The design handbook, however, hardly concerns itself with the hygro-
thermal durability of bonded joints.

'1.5 CONCLUSIONS OF THE LITERATURE SURVEY

(1) There is a tremendous amount of technological information on the
durability of bonded joints and their constituents, but only limited data on
the fundamental time-dependent effects, both separate and combined, of moisture,
temperature, and mechanical loading.

(2) The interdependence of adhesive stresses and moisture diffusion
has not been investigated in any systematic manner.

(3) Temperature and moisture are predominant factors in the stress
and the failure mechanisms of bonded systems in service conditions. Their
combined effects may lead to significantly different trends in the failure
mechanism and its location.

(4) There are contradictory views of the effects of thermo and hygro-
elastic characteristics on an FRP adherend. This is mainly due to the inter-
dependance of CTE in moisture and HEC on temperature.

(5) The effect of hygrothermal conditions on the time-dependent
behavior (viscoelastic, viscoplastic) of bonded system has not been adequate]v
investigated, nor was it considered in any stress-strain analysis.

(6) The theoretical prediction of the time-dependent hygrothermal
effects on the mechanical behavior of adhesively bonded systems necessitates
an advanced and powerful non-linear, time-dependent and three-dimensional,
numerical solution.
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4. OBJECTIVES AND PROCEDURES OF PRESENT RESEARCH

The final goal of the present work may be stated to be the prediction

of the deformation ard the failure limit of a bonded system with time as a

function of mechanical and hygrothermal conditions, which can be defined

mathematically as follows:

F fl (toi'HT)

= f 2  (t )iVH.T)

where F - failure limit

, - deformational characteristics

t - time

ai - state of stress

H - humidity conditions

T - thermal conditions

The material-structural model which forms the final objective of the theoretical
and experimental investigation comprises three basic constituents, namely: The
interlaminar adhesive layer (IAL), metallic and/or FRP adherends, and the
different interfaces. A representative non-symmetrical version of such a model
is illustrated here:

IAL FRP ADHEREND

The research procedure will start with the META A....

adhesive behavior as a function of stress and time. 
__J

The second step will be concerned with hygrothermoelastic characteristics of
adhesives and FRP adherends and their effect on internal stresses and defor-
mation, only in the third stage will the overall behavior of the model be studied
as a function of hygrothermo-mechanical conditions with time.

The research objectives and the procedure for their accomplishment are
outlined in more detail in the following sections.

4.1 RESEARCH OBJECTIVES

4.1.1 To establish, and to verify experimentally, a "stress-strain relation-
ship up to failure" criterion for the prediction of the mechanical

behavior of the adhesive layer under combined stresses and as a function of
hygrothermal conditions with time.

4.1.2 To compile basic empirical data on the time-dependent hygrothermal-
mechanical characteristics of the bonded system constitutents:

adhesives, FRP adherends, and interface. These data will constitute the
input required for the analysis of the bonded system.

4.1.3 To develop, and to verify experimentally, a numerical methodology for
the prediction of the stress-strain-vs.-time behavior of the bonded

system, having different hygrothermo-loading histories and subjected to dif-
ferent current conditions.

L~~
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4.2 RESEARCH PROCEDURE

The procedure adopted and the major disciplines involved in attaining
these objectives may be outlined as follows:

A MECHANICAL CHARACTERIZATION OF STRUCTURAL ADHESIVES AND ADHERENDS

A-1 Establishment and verification of a general "effective" stress-strain-
relationship concept for a combined state of stress.

A-2 Development of a data-reduction methodology for the experimental
characterization of the mechanical behavior of adhesives in time as
affected by hygrothermal conditions.

A-3 Compilation of basic experimental data on the hygrothermoelastic
characteristics of adhesives and FRP adherends, required as input for
the analysis of bonded systems.

A-4 Compilation of basic experimental data of the hygrothermal effects,
with time, on the mechanical behavior of adhesives and FRP adherends.
These data are required as input for the analysis of bonded systems.

B STRESS ANALYSIS OF BONDED SYSTEMS AND THEIR DEFORMATION BEHAVIOR

B-1 Analytical and experimental study of the time Io,,endent stress dis-
tribution in an adhesively bonded model under constant load and the
displacement undergone by the model.

B-2 Analytical study and experimental investigation of temperature and
moisture effects,with time, on the mechanical behavior of unloaded
bonded systems (in the curing stage and subsequent service conditions).

B-3 Investigation of the temperature and moisture effects, with time, on
loaded bonded systems.

B-4 Investigation of the history of combined hygrothermal and mechanical
effects and of current such effects on loaded bonded systems.

A flow chart descriptive of the detailed research procedure towards the ac-
complishment of its objectives is shown in fig. 4.1.
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5. MECHANICAL BEHAVIOR OF ADHESIVE MATERIALS UNDER A COMBINED STATE OF STRESS

5.1 BACKGROUND

The complexity of the stress analysis and the structural design of bonded
joints stems from two main characteristics of the interlaminar adhesive layer
(IAL), namely;

- The non-linearity of the stress-strain relationship, which is a re-
flection of the viscoelastoplastic behavior of the polymeric adhesive;
and

- The three-dimensional state of stress prevailing in the critical IAL
edge zone, which eventually determines the failure load and fatigue
life of the bonded joint.

Analytical closed-form solutions for the IAL stress distribution are inadequate
and cannot satisfy the boundary conditions in the critical edge zone, even at
the linear elastic level [113-1151. Numerical solutions, on the other hand,
require the input of the stress-strain relationship, which is a function of the
state of stress, the strain rate, time, temperature, etc. At low strain levels
a linear approximation can be made, and the finite-element (FEM) solution is
relatively simple and direct [17,161. At moderate, and certainly at higher,
loading, however, the adhesive material behaves in a non-linear manner, being
highly sensitive to time and to environmental effects. The stress-strain re-
lationship in these cases is derived empirically and can easily be obtained in
a simple loading mode, such as uniaxial tension or pure shear.

Hence the stress analysis of the IAL, which in the multiaxial state of
stress is an involved concept, must be related to the available empirical simiiple
stress-strain data. The "Effective Stress-Strain" concept is one approach for
tackling the problem, and it was found to be successful in the IAL stress analysis
in the non-linear range [18,1161. The effective stress-strain concept assumes
that, in the case of a basically ductile material, plastic residual strains are
induced even at a low stress level. Hence the plastic yield hypothesis can be
applied, and the multi-directional state of stress can be related to a simple
one through a function similar to that of Von-Mises 118,1171. A number of
authors have suggested, and applied, such an approach for viscoelastoplastic
polymeric materials commonly used for adhesive bonding [118-119].

The Von-Mises function and similar expressions are based on the con-
tribution of the deviatoric stress component to the plastic yield process; but
it does not account for the effect of the volumetric stress component.

In a recent investigation on bulk properties of structural adhesives,
a significant difference was found between the stress-strain curves and the
yield stress levels under uniaxial tension and those under compression loading
119-23,120]. It was thus concluded that a modified yield criterion and an
effective stress-strain concept must be evolved for the analysis and design
of structural adhesively bonded joints. The objective of the present study
is thus twofold:

a) To evolve an extended and more general effective stress-strain
hypothesis, which takes into account the effect of the volumetric stress
component through the linear and the non-linear ranges and up to plastic
yield failure.

- - - - -. .
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b) To examine the hypothesis referred to under a) above, in the light

,i, an experimental investigation conducted on both bulk and bonded (in-situ)
structural adhesive systems commonly used in bonded joints.

5. 2 THEORETICAL CONSIDERATIONS

The analytical approach to the problem of the non-linear time-and
1,i:,crature-dependent mechanical behavior of the interlaminar adhesive layer
(IAi) must be based on the determination of an effective stress-strain re-
i,,Lionship which can be used as an empirical input.

This relationship can be determined if a function is available which
ro ites the tensorial components of stress and strain to their respective
eftective values. That function must be valid throughout the entire range of
stress-strain relationship up to failure and under all combinations of compound
stresses.

The common function for such an effective relationship is based on the
invariant principle postulated by Von-Mises, Henky and otherc [121,122] for
ductile isotropic materials:

s 1/2
S = /3(J2D) (5.1)

vhere s - the effective stress
,

2D - the second invariant of the deviatoric stress tensor

-ho relationship thus established is adequate for ductile materials, in which
the effect of the volumetric stress component, am, is negligible.

in 1 (5.2)

- the first invariant of the general stress tensor.

For materials which are affected by G eq.(5.1) should be modified,
tos (22,23,123]:m

s C Cs (J2D ) I / + C vJ I  (5.3)

where

C =3(N+l)
s 21

C = andv 2' A
C

= - the ratio between compressive and tensile stress, which

t

-a function of the effective strain level. Eq.(5.3) includes eq.(5.1) and
thereby holds good for isotropic materials, where the following relationships
o x i.. t

-i 2 3

= _ -. + -2+-

'2- 
.

3
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=l C =0 C=.
c t v s

At the failure level eq.(5.3) is transformed into:

sf Cf(J2D)f + Cv U( f (5.4)

which describes the failure envelope of the more general case of ductile
materials, e.g. structural adhesives. From the comparison of pure shear and
tensile loadings at the failure level, the following ratio of tensile to
slear yield strength is obtained:

F 3i( +1)Ft ,( f~l

'sf - Fs f

which is also a function of

The appropriate expression for the effective strain, e, is given by
eq.(5.5)

- i 112 1
e 1 + C 1-2 1 (5.5)s D+ v f-2 1

where

- Poisson's ratio, which is a function of the effective
strain level.

12D - the second invariant of the deviatoric strain tensor.

I1 - the first invariant of the general strain tensor.

Expressions (5.3) and (5.5) permit the derivation of the relationship between

the effective stress and the effective strain for a general state of stress,
based on simple uniaxial stress-strain curves obtained empirically. It is
suggested that this procedure is adequate for those structural adhesives in

which bulk and in-situ mechanical properties have been found to he correlated
[15,231. It can be used in cases in which a wide range of empirical s-s curves
of different hygrothermal conditions as a function of time are available.

In this way the effects of time, of temperature, and even of humidity,
on the non-linear s-s relationship, can be used as input for determining the
actual mechanical behavior of each individual element within the IAL system

with the aid of a numerical procedure.

** 1 2 2 2

12D 6 [ (El-2)2+(F2- C )2+(, 3- 1)  1

I i + E 2 + 3
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5. 3 EXPERIMENTAL PROCEDURE

The main objective of the present investigation was to verify the
analytical concepts postulated above. The basic tests were (i) uniaxial
tensile loadings carried out with standard dog-bone specimens cut from 3 mm

thick plates made of hardened adhesive in accordance with ASTM 638-641; and
(ii) uniaxial compression of tubular specimens of 12 mn external diameter,
3 mm wall thickness and 24 m length.

A state of pure shear was obtaIned by the torsional testing of thin-
wall specimens so machined that for thu gauge length, the wall-thickness was
reduced. Special tabs bonded to the edges served to transfer the moment from

the Instron loading machine. Instron Extensometer G57-11 enabled exact
measurements to be made of small twist angles in the linear elastic range

(See fig.4 in ref.15). In the non-linear range, up to failure, large de-
formations must be expected which may, however, not be detected by the standard
Extensometer. In these measurements, the overall angle include an unknown
contribution by the load transfer zone. In order to find the pure twist angle
at the gauge length, this deformation was deducted by means of a correction
curve (fig.5.1)* obtained by the following procedure: tubular specimens of
different lengths (40-140 mm) were loaded up to failure, the torsional de-
formation vs. specimen length at different levels of moment, M, up to failure
were plotted (See fig.5 in ref.15). The extrapolation of these curves down
to length 0 is the correction curve of , vs.

A compound state of stress was achieved by the simultaneous application
of uniaxial and torsional loading by means of an axial sprinp which also served

as a pressure gauge (fig.5.2).

Shear stress-strain curves of bonded adhesive in simple and compound
state of stress were obtained by the napkin-ring type specimen as reported

earlier 1211.

5.4 EXPERIMENTAL VERIFICATION

In order to examine the relationship expressed by eqs.(5.3) and (5.5),
a series of tests was conducted with different materials and under a variet-
of temperature conditions representing the practical range of the parameter,

Behavior unaffected by the volumetric stress compound (mi)

The investigation was based on an epoxy adhesive composed of Epon 815

and Versamide V140 in the ratio, 70/30. Uniform conditions of strain-rate,
temperature, and humidity, were maintained. It was found for this material,

that, >-l throughout most of the loading range, but close to failure _-l.l.

For a material of the type tested, the Von-Mises approach is accepted to hold:
s ,"3 (J 2D)I1/2 I

= ,. 1 112 (5.6)

Fig. 5.1 is identical with fig.6 of ref.15

- . *1
- --
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The effective stress-strain relationship and Poisson's ratio were
obtained empirically by the uniaxial tensiie testing of the bulk adhesive
(Fig.5.3), thus:

s 0
t

t

e=
t

Fig. 5.1 shows a comparison between the shear stress-strain relation-
ships obtained from the napkin-ring tests of bonded adhesive and those produced
bv the torsional testing of bulk tubular specimens by the described procedure.
The similarity of these curves as well as previous findings [23] justify basing
the effective stress-strain relationship for bonded ductile adhesives on their
bulk data.

The examination of the shear test data in the light of the effective
stress-strain relationship derived from the tensiktest data (Fig.5.3) rests
on the following relations:

S 2 1+\?
- 3 1

Shear stress-strain curves obtained under different combinations of
tensile-torsion loading are shown in Fig.5.4. A similar procedure, and substi-
tuting the data so obtained in eqs.(5.1) and (5.6), yields the effective stress-
strain relations shown in Fig.5.3. They are in good agreement with those obtained
by simple tensile tests. The small discrepancy shown at the plastic yield level
is attributable to the fact that -1.1 in this zone.

The experimental verification of the basic assumptions and of the ana-
lytical expressions validate the application of data obtained from tensile
loading of the bulk adhesive for the derivation of empirical effective stress-
strain relationships which are representative of the mechanical behavior of the
bonded adhesive.

Behavior affected by the volumetric stress component ('>i)

Stress-strain data of a ductile structural adhesive composed of rubber-
modified epoxy FM73 have shown a pronounced difference between compressive and
tensile test results. The ratio between compressive and tensile stress, ,,
was high at room temperature and tended to decrease to 1.0 at elevated tem-
peratures.
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Typical stress-strain relat ionships for bulk FM73 adhe-sive under

tension, compression, and shear, are, shown in Fig.5.5. - - derived fro:n

t
Fig.5.5 for E E is plotted in Fig.5.6 cis a function of e. On this basis,

the shear data from Fig.5.5 can be translated, through eqs.(5 .3) and (5.5,

into effective stress-strain relationships.

The results shown in Fig.5.o seem to be in fair agreement with the
respective effective stress-strain relationships derived from tensile test
data.

The failure zone

The failure envelope of a structural adhesive material under compound

stresses is expressed by eq.5.4. The results of an experimental examination
of this expression are shown in Fig.5.7 for the bulk and the bonded epoxy
adhesive, respectively, (at room temperature kf 1.0) and they seem to be of

good agreement.

A similar representation of analytical and experimental failure envelone-
for the structural adhesive FM73, is shown in Fig.5.8 as a function of th-
temperature level for the range of 1.0. f 1.4. A good correlation is anpartr-t
between the test data and the expected analytical results based on the modiffi

Von-Mises criterion, as expressed in eq.(5.4).

5.5. CONCLUSIONS

A series of tests was conducted with structural adhesives in ordtr
examine the validity of an effective stress-strain concept for the behavior
of these materials undo- compound stresses. The following conclusions could

be drawn:

i. The mechanical behavior up to failure of ductile structural adhesi%,Ves

can be represented by their effective stress-strain relationship based

on the Von-Mises hypothesis, suitablv modified.

2. The hypothesis of (i) above takes into account the effect of vo,>-
metric stress and strain components as represented by the (ompre.-iv-

to-tensile stress ratio .

3. An analytical-empirical procedure for deriving the effective stress-
strain relationship from simple uniaxial tensile tests of bulk adhesive-

is proposed.

4. The above procedure was verified experimentally bv the test data
obtainted for different adhesives (.>1) under various combinations of
shear-tension-compression loading modes.

5. Similar formulations and procedures were found to be adealte or

the establishment of failure envelopes for these adhesives under the
same loading conditions.



6. HfYGROTHERMAL EFFECTS ON TIME-DEPENDENT CHARACTERISTICS OF

ADHESIVE MATERIALS

6.1 BACKGROUND

According to the prior assumptions, which were based on previous in-
vestigations [19-23], the bulk properties of an adhesive material may be taken

to represent its characteristics as an in-situ phase within a bonded system.

In Section 5 the effect of a state of stress on the stress-strain and failure

characteristics of the adhesive material was discussed, the visco-elastoplastic
nature of modern rubber-modified structural adhesives, such as FM73, being

demonstrated.

In the present work the results of investigations on environmental

effects on such time-dependent behavior will be reported.

Studies of the visco-elastic and time-dependent plastic failure
characteristics of composites were conducted in the past by the present authors

[1-5]. In those projects the temperature-time dependence of plastic yield and

the relaxation modulus of epoxy/versamid specimens, as well as the respective
matrix-dominated characteristics of glass fiber-reinforced epoxy composites

were investigated.

Results, given in ref.[2], indicated the following:

- The effect of temperature on short-term yield and relaxation matrix-

dominated characteristics of ductile epoxy composites and their
matrix can be translated and converted to long-time behavior by

shifting method.

- Relaxation behavior (in the linear visco-elastic range) is not affected

by the mode of loading, whereas yield characteristics in compression

are higher than their tensile counterparts.

- The relationship time-shift parameter vs. temperature, is independent

of the mode of loading, and of the type and the geometry of the fila-
ment, as long as the same matrix is involved. These trends were

supported recently by the work of Yoew et al. [124].

The above finding, beside its scientific, physical significance, may

lead to a substantial reduction in the experimental work required for the

characterization of temperature-time effects on the mechanical behavior of

ductile matrix composites and similar adhesive systems.

If the above conclusions are substantiated by more comprehensive, direct

long-term tests, the short-term data on an epoxy matrix under simple uniaxial

tension at different temperatures will suffice or predicting the long-term

behavior of different composites with the same matrix under a combined state
of stress, provided RT short-term data of the respective systems are available.

More recently the effect of moisture exposure on the viscoelastic

characteristics of FRP was studied (1251. Trends similar to those described

above were found, which indicates that moisture effects with time can be

treated in a way similar to that used for the corresponding temperature effects.

_ _ _ _ _ _ _ _ _ _ _ _ A



The major objectives of the present part in the research :,re t(, providt.
the basic hygrothermal-vs.-time characteristics of structur;l adhesives and
to establish an efficient procedure with a view to reduc ing the tremendous
experimental work involved.

6.2 THE EFFECT OF STRAIN RATE ON THL PLASTIC YIELD (F STRUCTURAL ADtHESIVEV

The effects of strain rate s n the stress-strain characteri ti C,

structural adhesives in different hygrothernal conditions were investi ate!
in previous research work aInd reported in re fs.119,20,22]. The two
tested are representat i o) the hi cI-rcrformanct- adhesives nw In is. ir-

craft structures, namelv:

FM7 3 - for intermediate temperatures (up to 80'C)

FM300 - for elevated temperatures (up to 130°C)

These two rubber-modified adhesives wii] also be the "candidates" for the
present investigation.

Hence, part of the relevant previous data, which will 1e used at -tv
stage as input for interlaminar stress analysis, will be briefly reviewed er,
together with the new data derived in the present research.

In the investigation mentioned above adhesive dog-bone specimens ^r.
used for tensile, and cylindrical tube specimens for compression, testing,.

The fabrication and curing procedures of these specimens are giv,, n
refs.[22,23]. In wet conditions the tubular specimens were inmersed in:
up to aliost saturation (abnut 2-37. moisture content) (see Fii-.J;.1' The
modt las vs. temperature relationships which was derived for d,,tcrmianti,,n
iass transition temperature (T-) for the different adhesives ire show in

6.2. The reduction in Tg due to moisture in case of FY73 specimens is ev1&.:7 .

Typical tensile stress-strain curves of FM73 adhesive in dferent
hygrothermal conditions are given in Fig.6.3. Typical compressive stress-striin
data of wet and dry FM73 specimens at different temperature and strain-rat
levels are shown in Figs.6.4, 6 .5.

In all cases the common trend is towards the reduction in podt: 7 sna
yield stress with an increase in temperature and in moisture content an witl,
a decrease in strain-rate. The effect of these variables on yield stress (

is shown in Fig.4 of ref.32 for dry specimens. In all these figures the
relationship between yield stress and log strain-rate was found to be linear.

This linear law, which follows trends similar to those found in- ths.
past in other ductile epoxy systems [l-5], is attributable to non-newtonian
flow based on a rate-process mechanism. It enables a time-temperature ;bi: t ri,

procedure to be applied in order t,) provide long-term master curves tor vie,
stress constructed from short-term data derived at different t,-:,ocrat1are lev'' .

Accordingly, based on Fig. . - of ref .2.', master curve-, lor ten..i:'( 17"s

compressive yield stress of dry and wet FM73 specimens are civcn in L,:.n.
covering almost 12 decades of strain-rate.
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Moreover, the shifting parameter log aT was found to be almost
linear with temperature and independent of moisture conditions or mode of
loading, as shown in Fig.6.7. Similar trends were found for FM300K adhesives,
as shown in Figs. 6.6, and 6.7.

It can be concluded that the yield-time characteristics of structural
adhesives used in the present investigation follow general laws which also
dictate the behavior of other ductile epoxy materials.

6.3. HYGROTHERMAL EFFECTS ON VISCO-ELASTIC CHARACTERISTICS OF STRUCTURAL

ADHESIVES

6.3.1 Previous data

The visco-elastic mode of behavior most relevant to the redistribution
of interlaminar stress vs. time is the relaxation modulus.

Summarized results of previous investigations are given in -efs.2, 5.
The data are related to the stress relaxation of expoxy-versamid systems, whose
temperature-time mode of behavior was found to be representative of other
ductile polymers as well.

Three conclusions can be drawn from these results:

1. The stress-relaxation function (in the linear visco-elastic range)
is nearly the same under tension, compression, and flexure, i.e. it
is invariant with the mode of loading.

2. The time scale can be considerably extended on a log scale by the
time-temperature shift procedure.

3. Matrix-dominated relaxation characteristics of FRP laminates which
contain a ductile matrix show trends similar to the pure matrix behavior,
and its time shift vs. temperature relationship is almost unaffected
by composite composition (above the glassy range).

One of the objective of the present investigation is to examine the
viscoelastic behavior of the two representative structural adhesives : FM73
and FM300K in light of the above findings.

6.3.2 Experimental procedure

Two types of adhesives were used, viz.: FM73 and FM300K. The specimens
were prepared by lay-up of adhesive films in a closed mould composed of two
thick aluminum plates.

The curing process was as follows:

- ApplicatiGn of 10 atm by a press.

- Heating to 120%C in 30 minutes (FM73)

- to 170*C (FM300K)

- Holding at 120 C (170C) and 10 atm for 1 hour.

- Slow cooling to room temperature.

- Release of the pressure.
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The following specimens were prepared:

For tensile tests: Dog-bone shape in accordance with ASTM D638,
machined from a laminate consisting of about 20 layets to achieve 3mm thick-
ness.

For compressive tests: Cylinder of about 12mm diameter, 24mm height,

machined from a thick laminate consisting of about 80 adhesive layers.

The specimens were loaded uniaxially by Instron tester to different
strain levels at a constant strain rate of 5mm/min. Strain levels (ranged
from - = 0.5% to 2.5%). While constant strain was maintained, load vs. time
was recorded uD to 30 minutes. These relaxation tests were conducted at
different temperatures, ranging from 20C to 80C in the case of FM73 and
from 20*C to 150'C in that of FM300K.

Diagrams showing the relaxation modulus (stresses per unit constant
strain) vs. time are given in Figs. 6.8, 6.9 for FM73 in tension and compression.

The plot of relaxation vs. time at the different temperatures is given
on a log scale in Fig.6.10 in which tension data for FM73 are compared with
the respective compression data. This demonstrates almost identical behavior
under both tension and compression, showing it to be similar to that previously
found in the case of ductile epoxy material (Ref.2).

The trends of the curves in Fig.6.8 permit a master curve for the re-
laxation modulus to be obtained by the shifting method. The curve - relating
to FM73 - is expected to be common for tension and compression, covering a
range of about 12 decades as shown in Fig.6.11. The linear relationship of
log shift data vs. temperature shown in Fig.6.12 is similar to the findings
for other ductile epoxies shown before.

Stress-relaxation data for FM300K adhesives in tension under different
temperature levels is shown in Fig.6.13. The corresponding master curve and
shift vs. temperature relationship arc given in Figs.6.11 and 6.12. The trends
are similar to those found for FM73 adhesive.

The relaxation modulus data given above in terms of master curves for

tension and compression serve two causes: (a) They confirm one of the basic
assumptions, viz. that the representative structural adhesives used in the
present investigation obey time-temperature laws common to ductile polymers.
(b) They provide relaxation data for long-term behavior at different tempera-
tures, to be used as input in the following analytical study of interlaminar
stresses and strain distribution, as functions of time, within the adhesive
layer of loaded bonded systems.



7. THE TIME-DEPENDENT MECHANICAL BEHAVIOR OF AN INTERLAMINAR ADHESIVE

LAYER WITHIN A LOADED BONDED SYSTEM

7.1 BACKGROUND

The interlaminar adhesive layer (IAL) serving as a bonding phase between

structural elements may be treated as an equivalent material layer in the multi-

material laminate. The particularity of the IAL, however, stems from its low

stiffness and strength, its non-linear viscoplastic stress-strain-time behavior,

and its sensitivity to hygrothermal effects.

The solution of IAL stress and strain distribution, which is crucial

fur the failure prediction of the bonded system, is highly involved due to

these characteristics. Singularities stemming from geometrical edge effect,

material heterogeneity, and the three-dimensional state of stress, eliminate

the close-form analytical solution and lead to numerical solutions, e.g. the

finite element method (FEM) [126,127]. Such methods can deal with complex

geometrical and material parameters but leave the problem of material non-

linearity and time-dependency still to be tackled. Most of the numerical sol-

utions are confined to the elastic linear range [17] where they could, in

certain cases, be extended to deal with a simplified elasto-plastic model [128]

or with bilinear behavior [129]. Recently the problem was analyzed in the non-

linear range by being referred to a bonded double model [18]. That solution

was based on an empirical effective stress-strain relationship according to the

Von-Mises assumption. Results permit the evaluation of IAL behavior up to the

plastic range and even beyond it.

The object of the present study was the extension of that solution to

the treatment of the time-dependency of the stress and strain distribution

within the IAL at different viscoplastic stages.

7.2 THE BONDED MODEL

A symmetrical doubler was selected as the model to represent the complex

material system typical of a bonded structure. The model consists of a central

uniaxially loaded adherend layer and two external adherends bonded to the central

layer by two interlaminar adhesive layers (IAL) (Fig.7.1).

The adherend materials were either aluminum 2024-T3 or unidirectional

carbon-fiber-reinforced plastic (CFRP). The IALs were made of epoxy resin

consisting of 70% epon 815 monomer and 30% Versamid V-140 hardener.(See section

5). For the numerical solution the adhesive layer was successively divided

into 2 and 4 sub-layers so as to represent the effect of thickness on stress

distribution, as shown in Fig.7.2.

7.3 THE ANALYTICAL APPROACH

The IAL stress-strain-time relationship is non-linear and cannot be

adequately represented by the linear viscoelastic theory even at a moderate

stress level. To tackle this problem, an empirical numerical approach was

developed involving an iterative FEM related to the effective stress-strain

relationship, which in turn was taken to be representative of the TAL behavior

at different levels of loading and in different time intervals [18]. The
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solution is based on the assumption that the material behavior of the IAI
can be treated, after a modification of material parameters of the different
elements, as a function of stress, strain, and time, variables. The represen-
tation of the stress and strain states by means of their respective effective
values is justified, when a functional relationship exists between the effec-
tive stress (s) and the effective strain (e), on the one hand, and the re-
spective stress and strain second invariants. Such a functional relation
must hold good throughout the whole range of the stress-strain relationship
and for any combined state of stress.

For the present study the functional relationship according to Von-
Mises, Hencky and others were assumed to apply, as follows f1301

-1 [(' - )2 + (o 2) + (C- 2 1/2 (7.1)

-. 2 2 2 1/2
S2(l+v) 1 3) + 1'3) (7.2)

- effective Poisson's.ratio, which is dependent on the strain
and stress elvels.

7.4 THE EMPIRICAL NUMERICAL SOLUTION

The validity of the effective stress-strain relationship of the

adhesive material investigated was verified experimentally by combined
torsion-tension loading tests [211 as shown in Fig.5.3.

Based on other investigations, 123) it can be assumed that, as long
as the failure mode of the bonded system is cohesive and initiates within
the IAL, the mechanical in-situ behavior of a bonded adhesive is respresented
by the corresponding bulk properties of the adhesive (See Fig.5.1). Thus,
the uniaxial-tension bulk stress-strain relationship of the epoxy adhesive
can provide the effective loading function for the numerical FEM solution.
In this way the nonlinear relationship between effective stress (s) and
effective strain (e) is expressed as a function of strain rate, temperature,
and humidity, viz: s = F(e,e,T,RH), which follows the real material behavior
as determined empirically (Fig.7.3).

7.5 STRAIN RATE EFFECT

When strain-rate effect is considered, such a relationship may be
expressed by the Ramberg-Osgood function [131] as expanded by McLellan [1321
to represent nonlinear curves obtained empirically from loading tests at
different strain-rate levels:

e= s b -n-w + an s (7.3)
ce

where a, b, c, d, and n are material constants derived experimentally.

.. ... .J.....22 2 _ 2 .- .- ., . ..- -.., -
- ]"..
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The above relationship provides the basis for deriving the strain-

rate effect on stress and strain distribution within the IAL. The solution

takes into account the different strain-rate conditions at each IAL element

under a certain external loading rate applied to the bonded model. The

modified stress-strain curves under the actual strain-rate at the different

Al. elements are shown in Fig.7.3. IAL stresses , and o in the critical

zone, determined when non-linearity and strain-rate effect are considered, are

significantly lower than the corresponding data derived by the simplified
linear elastic solution (Figs,7.4,7.5).

Varying the adhesive thickness produces two different effects: Along

most of the IAL boundary zone, stresses are lower with thicker IAL as was

expected, whereas in the critical zone close to the IAL edge, this trend is

reversed, higher normal stresses, L , prevailing in the thicker IAL case

(Figs.7.6,7.7).

7.6 STRESS RELAXATION

Stress relaxation data of the adhesive bulk material under uniaxial
tension are shown in Fig.7.8 in terms of stress (o) as a function of time (t)

for different constant strain levels (Eo). It can be seen that for a relatively
short period after the initial loading stage (t=o), the instantaneous inertia

effects - which depend on the strain and strain-rate levels - are negligible.

An attempt to assess the states of stress and strain within the IAL

f-r q time Interval At was made following the endochronic approach [133,1341.
The soluticn is based on the empirical effective stress-strain relationships
for different time intervals Ati (Fig.7.9) derived from the experimental

stress-relaxation curves of Fig.7.8. The FEM solution provides an approximate
estimate of the states of stresses and strains at each element after a given

time interval, At.

The effect of time on the stress relaxation, as demonstrated by the

shear, T , and normal ozo stress distribution within the IAL, is shown in

Figs 7.10 and 7.11. Here the trend of IAL stress reduction with time is evident.

7.7. CONCLUSIONS

The following conclusions can be drawn based on the empirical-numerical
FEM solution for the stress and the strain distributions within the IAL of a

bonded doubler model:

1. IAL stresses which are determined from the strain-rate dependent non-
linear stress-strain behavior of the adhesive material are significantly lower

than the stresses predicted on the basis of linear behavior.

2. The increase of the strain-rate was found to effect a redistribution
of the IAL stress distribution by reducing the more highly strained elements

as compared with those of a lower strain level.

3. The general tendency of loaded bonded systems after initial loading
is towards a reduction of stresses at the critical elements, and an increase
in corresponding strains with time.

4. These trends point to a possibility of the strain level limit being
exceeded and the viscoplastic zone propagating with time within the critical
zones of the polymeric IAL.

- -, , • . .a - 2 ' . - . .
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8. THERMOELASTIC AND HYGROCLASTIC CHARACTERISTICS OF ADHESIVES AND
FRP ADHERENDS, CONSTITUENTS OF THE BONDED SYSTEM

8.1 BACKGROUND

During the fabrication proce-ss and in service exposure the bonded
system is subjected to fluctuations temperature and moisture. These hygro-
thermal environmental changes induce elastic stresses and strains in the dif-
ferent constituetns of the bonded F.ystem, viz.,the adhesive layer and the FRP
adherends.

The resulting residual stiesses may affect the mechanical behavior or
possibly lead to the failure of the system even before, or without, the appli-
cation of any external mechanical loading.

Recent information on these effects and available data on the coefficient
of thermal expansion (CTE) and hygroelastic coefficients (HEC) of different FRP
materials are surveyed in section 3.3 (refs.24-26, 52-64). Soine findings on the
hygroelastic behavior and the HEC of strurctural adhesives are also found in
ref.[1351. It was found that the available information is characterized by high
scatter and inconsistency. This is attributable mainly to the fact that most
investigations did not consider the dependence of the CTE on moisture content
and that of the HEC (which was rarely derived) on the temperature level.

In the present part of the research project it is intended to investigatt-
these dependeaces by measuring CTE of dry and of moist specimens, and similarly
the HEC at different temperature levels.

8.2 TEST PROCEDURE

8.2.1 Specimens

The tests for deriving thermoelastic and hygroelasti characteristics
were conducted on two adhesive materials, FM73 and FM300K,anc'. four CFRP 5206 !

T300 configurations, namely -

Longitudinal U.D. specimens (00)
Transverse U.D. specimens (900)
Cross-ply bidirectional specimens (00/90°)
Angle-ply Bidirectional specimens (-450)

The adhesive specimens were cut from laminates, the preparation of
which is described in Section 6.3.2

The CFRP specimens were cut from laminates prepared by lay-up of
prepreg layers and autoclave curing following the producer's instructions
(Narmco). Tie laminates were prepared at the Material Process Engineering
Department of Israel Aircraft Industry.

Specimens of unidirectional CFRP configurations (00 and 90') consisted
of 24 layers; their dimensions were 140xlOx3mm.

Specimens of angle-ply configurations(0/90° and 450) consisted of 8
layers, and their dimensions were 140xlOxlmm. The approximate dimensions of
adhesive specimens were l40xlOx3mm.
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8.2.2 Environmental history

Three different test cycles were conducted, constituting environmental
histories as follows:

(figs.8.1, 8.2)

Stage a: Drying of specimens at 110 C for 3 days and keeping them in
vacuum

Stage b: Heating and cooling of dry specimens between 23C and 90°C
(for deriving the CTE of dry specimens).

Stage c: Exposing the dry specimens to high humidity at 23*C.

Stage d: Immersion of the specimens in warm water at 36*C for several
weeks (for deriving the HEC at intermediate temperature).

Stage e: Heating the water from 36'C to 70*C,

Stage f: Immersion in hot (70*C) water at constant temperature for
several weeks (for deriving the BEC at elevated temperature)

Stage g: Cooling and heating the water bath (between 700 C and 36°C)
(for deriving the CTE of saturated specimens).

The first cycle (I) consisted of all the above stages (fig.8.1) wheres
Cycles II and III consisted of stages a,b,d, and a,b,f,g, Cycles II and III
respectively, (fig.8.2) differ from cycle I by the fact that the specimens
are exposed to warm and hot water directly from dry state, without any inter-
mediate heating and wetting stages.

8.2.3 Test-procedure

The different specimens formed two identical sets. One set was
designated for the measurement of deformational changes, whereas the other
was for determining weight changes.

Deformational changes were measured by me, of a special device
(fig.8.3) which consisted of an aluminum bench to which a dial gauge had been
attached (accuracy of about 10- 4 inch). The aluminum device was calibrated by
-eans of metallic and quartz control specimens of known CTE. After drying,
specimens were placed on the aluminum bench and zero reading was taken.
ollowing each change in environmental conditions, readings were taken every

few hours, and later once or twice per day. Weights were recorded simul-
taneously with deformational changes, an analytic balance with an accuracy
of 10- 5gr, being employed. Specimens for both deformation and weight change
neasurements were stored in an "Areus"-type oven, which permitted the tem-
perature to be accurately controlled and readings to be made through its
:lass window.

8.3 TEST RESULTS

Detailed representative data on hygroelastic and thermoelastic strains
and on absorption values as functions of exposure time during cycles 1, II,
and II are given in Appendix 1, 2, and 3 respectively. Relative weight
changes (w- W), moisture content, and hygrothermoelastic strain changes (c),

0
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as functions of exposure time in cycle I are shown in fig.8.4, for longi-
tudinal and transverse FRP specimens. The trends are as follows: Simul-
taneous increases of deformation and of absorption with time, and increase
in the rate of change with increasing temperatures. Whereas the absorptions
of longitudinal and of transverse specimens are almost the same, the de-
formation of the longitudinal specimen is almost negligible compared with
its transverse counterpart.

Similar trends, but with significantly higher deformations and
absorption rates, were found for both adhesives (fig.8.5).

The effect of temperature on the absorption process and the resulting
swelling of all tested systems is demonstrated by comparisons with the be-
haviors in cycle II (exposure to warm water) and in cycle III (exposure to
hot water) - figs.8.6 to 8.9).

In the transverse specimens (thickness 3mm) absorption during immersion
in warm water for 4 weeks reaches about half the absorption level attained in
hot water during a similar period. The swelling in hot water, too, is more
than double that in the corresponding warm water exposure (fig.8.6 vs. 8.8).
A much smaller difference between absorptions at different temperatures was
found in the case of 0/900 and ±45' specimens (thickness imm) (fig.8.7 vs
fig.8.9). This distinction between the two types of specimens is attributable
to a thickness effect. In thin specimens the absorption approached the satu-
ration limit in a relatively short period even in warm water. In thick speci-
mens saturation will be reached only after much longer periods in warm water,
but the process can be shortened by heating the water. In hot water, similar
levels of absorption were found in thick transverse specimens (fig.8.8) and
thin cross-ply specimens (fig.8.9). A comparison of characteristics indicates
much lower deformation, by an order of magnitude, of the angle-ply and cross-
ply specimens compared with their transverse counterparts, in all cases.

A peculiar tendency, to a slight decrease in swelling after prolonged
hot water exposure, was observed in angle-ply and cross-ply specimens (fig.8.9).
This is attributable to an interlaminar matrix stress relaxation process, as
will be explained later. Adhesive materials show similar trends as functions
of time and temperature with significantly higher levels of absorption and
swelling (figs.8.6,8.8) than in their composite counterparts. FM73 specimens
appeared to have lost their stiffness after a week's exposure to hot water.
This was reflected by the inconsistency of deformational changes after the
period mentioned, whereas the absorption process continued normally. Hence,
data for FM73 above this level were not analyzed (figs.8.5,8.8).

8.4 DISCUSSING TEST RESULTS

8.4.1 Unidirectional CFRP Specimens

The relationships between thermal strains and temperature in transverse
specimens exposed to dry and wet conditions during the different environmental
cycles are shown in fig.8.10. A linear relationsjip was found to exist in all
cases, at any rate within the temperature range investigated in the present
series of tests, 23 - 900. A slightly higher CTE was found in wet specimens.
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The relationship between swelling strains and moisture content at different
temperatures of water exposure are shown in fig.8.11 for the cycles involved.

Similar linear trends characterize all cases above absorption levels
of w=0.1-0.2%. Clear linearity was found in cases of hot water exposure in
cycle Il. The HEC was found to increase significantly with temperature.

Deformations of longitudinal specimens as a result of temperature
changes as well as in the course of absorption were relatively very small
and were moreover characterized by high scatter. Based on data available
from different sources (see ref.53, and table 4.1), it is reasonable to
assume that the CTE and the HEC for longitudinal specimens are almost zero
for most practical purposes (,iI= xl- " 0). That value will therefore be used
for the theoretical prediction of laminate HT characteristics in table 8.1.

8.4.2 Bidirectional CFRP specimens

Thermoelastic deformations of cross-ply specimens were found to be
significantly smaller than those of their transverse counterparts (fig.8.12).
The relationships between deformation and temperature under dry and wet con-
ditions were found to be closely similar.

The behavior of angle-ply specimens (±45') in heating-cooling cycles
was similar to that of the cross-ply specimens, but with higher scatter, which
did not permit its CTE to be accurately derived.

The relationship between swelling and moisture content in cross-ply
specimens was found to be linear and to show very similar trends at different
temperature levels (fig.8.13). HEC values were much lower that those of their
U.D. transverse counterparts and are still further reduced at higher temperatures.
In both cases, swelling is seen to level off above 1.2% of moisture content
which seems to be close to the saturation limit. This effect was particularly
pronounced in the case of hot water exposure, a finding that may also be ex-
plained by the viscoelastic effect, which acts to relax the hygroelastic stresses
in the matrix. This process, which is enhanced in hot humit conditions, may
Uompensate for the swelling deformations, especially after prolonged hot water
exposure, when the absorption-swelling mechanism tends to level off.

In the case of angle-ply ('45 ° ) specimens, a similar linearity in
the swelling absorption relationship was found during warm water (36°) exposure
(Cycle III) (see fig.8.9), obscures the hygroelastic relationship at this
stage. However, after prolonged hot-water exposure, a similar trend of leveling-
off and even slight reduction in swelling was observed, similar to the case of
cross-ply specimens.

Results of the experimentally derived CTE (J) and HEC (.) in all cases
are given in table 8.1.

The a and B values for angle-ply and cross-ply specimens were cal-
culated from the available data on U.D. specimens and based on classical HT
laminate theory (refs.53,55,66). Fair agreement between experimental and
computed values is evident from table 8.1

- A -. -- - . . . . , . . -- - . . . . . . . . - " - , .,,, i ..
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8.4.3 Structural adhesives

A linear relationship between strain and temperature was found to
exist in both adhesives under wet and dry conditions (fig.8.1,), whereas
CTE values for FM73 were found to be higher than for FN300K (table 8.1).
Wet specimens were characterized by higher CTE values.

The relationship between swelling and moisture content is much more
complicated (fig.8.15).

In all cases three stages may be distinguished: a slow rate ot swelling up
to about 0.2% of moisture, followed by a linear relationship up to about
=1.5%. In the case of exposure to hot water a tendency to a decrease in
the swelling rate vs. moisture absorption was found as the moisture content
approached saturation.

The HEC values were derived from the linear portion of the curves.
These portions cover the practical range for service exposure (,2% <2.C1%).

was found to be higher in FM300K adhesive than in FM73. Exposure to higher
temperatures was found to increase HEC values (table 8.1)

8.5 INVARIANCE OF THE HYGROELASTIC COEFFICIENT (HEC) WIT11 MOISTURE
HISTORY AND PROFILE

In previous studies (ref.24) and other publications on the hvgro-
elastic behavior of polymers and polymeric composites, the swelling and
shrinkage deformations were found to be linearly related to the amount of
moisture absorbed or desorbed during most of the absorption or drying pro-
cesses. The HEC, ', which was defined as the HE deformation per unit moisture
absorbed was found to be constant at constant temperatures, independent of
humidity, environmental history, and specimen thickness. This is somewhat
unexpected considering the variations in moisture distribution throughout
the specimens during the absorption process, which is strongly dependent on
external humidity, exposure time and specimen geometry.

The following simple analysis aims to verify these experimental
*indings, analytically based on the classical lamination approach. Let us
assume a general moisture profile ,(y) = f(y) as illustrated below:

Y EXPOSED SIDE
dyT

Other assumptions are:

a. Planes remain planes following HT deformations;

b. REC, f, is constant for thin sublayers (dy);

c. The state of stressing is assumed to be uniaxial;

d. Macro-homogeneous material is involved, having constant stiffness
and - throughout the thickness;

e. Stress-absorption coupling is negligible.

__ -7
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Hence:()
Cn(y) = 'y)0 ( - for any sublayer

By integration and applying equilibrium conditions:

h h h

E (d I.(y). dv - x(y)dy = 0

o 0 0

h h

A(y)p dy = X (y)dy

o 0

where: h

I u(y)dy - average moisture content
h

0

and h

(v)dy - average hygroelastic axial strain

'fence £ = for the laminate as a whole.

It can thus be concluded that HE strains are linear functions of the
average amount of absorbed water, and 2 is independent of all factors liable
to affect moisture distribution throughout the thickness.

8.6 CONCLUSIONS

The following conclusions can be drawn from the experimental results
and analytical considerations regarding the hygro-thermoelastic behavior of
the constituents of bonded systems;

i. Thermoelastic strains are linear functions of temperature in the
case of macro-homogeneous U.D. composites adhesives within the
temperature range, 23°-90'C.

2. CTE values are only slightly affected by moisture content, and they
attain their highest values in unfilled polymeric adhesives, while in
longitudinal U.D. composites they approach close to zero.

3. Bidirectional composites are characterized by significantly lower

GTE values than their transverse U.D. counterparts, as predicted by
analysis.

- : -, -' - , - - - , .. . . . . Z . --,- -" -"' - ' i
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4. Hygroelastic strains above a certain level are linearly related
to the average amount of absorbed water and independent of the level
of external humidity, the specimen's environmental history or its
thickness, all of which may affect internal moisture distribution.

5. HEC, 2, is relatively high in unfilled polymeric adhesives and
almost zero in U.D. longitudinal specimens. It is significantly
lower in bidirectional CFRP specimens than in their U.D. transverse
counterparts, as predicted by HE analysis. This conclusion is
basically common to both HEC and CTE parameters, indicating the strong
interdependence of thermoelastic and hygroelastic behavior.

6. In bidirectional CFRP composites, swelling deformations close to
saturation seem to level off with increasing absorption. This phenom-

enon which was not found in U.D. specimens, is more pronounced in hot
water exposure. It is attributable to an interlaminar stress-relax-
ation effect, which becomes more active than swelling process in this
range of moisture absorption.

' -- - . . . .. - - . ... . • -- , -'. "-- -... ..-. .. ..- . . . - i 
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9. SUMMARY AND CONCLUSIONS

The present report covers the results of the first year's research
on the durability of bonded systems. Three major topics were dealt with:

Nonlinear behavior of the adhesive systems under a combined state of
stress, the time dependency of their mechanical behavior, and the effect of
hygrothermal conditions on the adhesive and the adherend phases.

The first section of the present report shows the connection between
previous investigations on this topic as recorded in the literature, briefly
surveys them, and draws conclusions which provide the basic assumptions fol

the present study.

The second section describes an attempt to generalize the effective

stress-strain concept for nonlinear structural adhesives, which will enable
the time-dependency and hygrothermal effects to be included. This was examined
in the light of experimental evidence.

The third section contains a numerical example for solving the time-
dependent stress relaxation behavior of an adhesively bonded metal, and present-
an empirical methodology for deriving the viscoelastic input characteristics
as functions of time and temperature.

The fourth section is concerned with the thermoelastic and hygroelastir-
characteristics of the constituents of bonded systems, namely structural
adhesives and FRP adherends. The interdependence between the coefficient of
thermal expansion and (CTE) hygroelastic coefficients (HEC) on the one hand
and temperature and moisture content on the other, was investigated.

The following general conclusions may be drawn:

1. The structural ahdesives used in the present research (FM73, FM300K)
follow the general laws that dictate the behavior of ductile polymers

as a function of stress, time, and temperature.

2. A simplified approximation for the experimental characterization of
such structural adhesives can be based on testing representative bulk
specimens under an uniaxial state of stress for short times at differen
temperature levels. This can, with good approximation, be extrapolated
to the behavior of the same adhesive in its bonded state under multi-
axial stressing for much longer periods.

3. The time-dependent mechanical behavior of the bonded system under
mechanical loads can be predicted by a numerical nonlinear iterative
FEM procedure, provided the stress-strain-time characteristics of the
adhesive as indicated above are available. Differences in hygrothermc,-
elastic characteristics of the FRP adherends layers induce additional
stresses within them and interlaminar stress in the adhesives.
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4. T.e temperature and moisture content have same effect on hygrothermal
characteristics: The CTE ol wet specimens is higher than its dry counter-
part, the HEC at elevated temperatures seems to be higher than under
moderate conditions.

5. The hygrothermal time-dependent behavior of multiple FRP laminates
seems to be different from that of adhesives and 1'.D. nlies. The
overall deformational behavior vs. moisture content as a function of
exposure time seems to be affected by the relaxation of the hygro-
thermal (HT) stresses induced in this case. This effect is enhanced
at elevated temperatures bv the action of moisture with time.

10. FUTURE RESEARCH

The second year of the present research will concentritt-e on tie "IT
behavior of a bonded svstem composed of FRP ,r metal !verj h dd b, ;truictur:C
adhesives.

The following topics will !e investigated;

a. The stresses in, and defornational behlavior t:I, o ,ded svstt,7
following cooling down during the curing stact.

b. The hvgrothermoelastic behavior of the system ,eqntqx'
exposed to thermal fluctuations of moistore hs,

c. The effect of HT exposure on the mechanical 1e1iTvI r t n
system under load.

The emphasis throughout the above experimental and anl',,'t i'al study
will be on the behavior of the interlaminar adhesive laver ouUv,> hvxiothermal-
mechanical interactions.

i!
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GLOSSARY

- time-temperature shift factor
h - constant

b - constants

c (,.j - moisture content, relative moisture absorption

4 - constant

* - elastic modulus

- effective strain

- effective strain rate

- failure limit

: - failure index

H - humidity (Hygro)

- laminate and specimen thickness

- strain invariants

- stress invariants

n - power constant

- effective strain

- temperature (.T - temperature difference)

- glass transition temperature

- time, (t - time interval)

- weight (.w - weight change)

×,yz - cartesian coordinates

- coefficient of thermal expansion (CTE)

- hygroelastic coefficient (HEC)

- shear strain

- shear strain rate

- normal strain

- normal strain rate

- deformation

- ratio between compressive and tensile stresses

- poisson ratio

- shear strain

- normal stress

(c) - moisture content, relative moisture absorption
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ABBREVIATIONS

FRP - fiber-reinforced plastics

CFRP - carbon-fiber-reinforced plastics

GFRP - glass-fiber-reinforced plastics

KFRP - kevlar-fiber-reinforced plastics

BFRP - boron-fiber-reinforced plastics

B.. - unidirectional

3.D. - bidirectional

M.D. - multidirectional

MMS - multimaterial multilayer systems

DLJ - double lap joint

SLJ - single lap joint

TA - thick adherend

SD - symmetrical doubler model

NSD - non-symmetrical double model

IAL - interlaminar adhesive layer

HT - hygrothermal

TE - thermoelastic

HE - hygroelastic

HTM - hygrothermomechanical

RT - room temperature

CTE - coefficient of thermal expansion (&)

HEC - hygroelastic coefficient (9)

VE - viscoelastic

EP - elastoplastic

VEP - viscoelastoplastic

FPF - first ply failure

FEM - finite element method

~. I
~-~-.~---



0 U-.-

0~ 0 E
.,4 -4 14

4) UOO.

(n 0- 0) (0

rHr

0)-4

4 J~ U>

> 1.4 W.4
I z CTU) u r

En 0
) q). 1-

El 0) 0 rNI - 0 0) -

4J W - r, A

U)U

c~ 0
., -H

In 0 4 >
0) -4r -4 m 4

41 -4 > .,I0
Ln to (

4'0 -4

04-1 0

a)U0 0'10 1 0)
114 m 140 )C -

0 0) El.' ZE Eu V0

w ~ (n H~ W U) 4

. ~ 4 .) 4J >- 0) 0 ' U -H

S,LNaflJA.ldSNOD WIVLLOCl181S
dAo SW4JqWVdVd



-58-

1

00-

1 41 .
o E-' 0

a4 V1

E-E-.f

OZ U-' 0

H E-

'En

I En
In0 = 'lC

U)~ ~ 4-, zl C~

H z I) ") )I4 g
W El

z >4

.0 U-

z)- '-4 0 t L

tn U) W

0z

E4I-

E-4- "f4 !Z

E--r



-59-

ooi

" 0'

0 0 44

cco
rw

- i 4J 0)

4-4

w 04-

00

~~0
U 4-

4AI
> ~r

C>



- 60 -

Stage A: Compression Tension

Uniaxial loading tests ic C t t

of bulk adhesives at R.T. " F F

I c /t = L/F

Stage B: !

Derivation of shear CS C Vs FtI

characteristics and its j-
experimental verification -

Stage C:

Effective stress-strain s = C - + C , = 

relationship under compound Ces +C =

stress and its experimental es oct ev v t s f (e

verification (in shear)

Elastic behavior f(E,')

and yield strength charact. f(Ft '

under compound stress E e

(Failure envelope) simplified elasto-plastic mode'

The effect of strain-rate F, = f( ) T

(time) and hygrothermal 'I - TI/_ T 1T

conditions on adhesive To
characteristics sift fa to , log--4,

•~ ~ ~ ~ ~ , . ( 'T, ) I Fsf(,,T) 1

(on failure envelopes) I'i2 tF ,

Fig. 2.1 PROPOSED PROCEDURE FOR MECHANICAL CHARACTERIZATION OF STRUCTURAL ADHESIVES
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of tubular specimens.
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Fig. 7.4 Shear stress (Txr ) distribution within the IAL boundarv zone -

non-linear solution with strain rate effect (i.e. linear solution).
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Fig. 7.7 The effect of TAL thickness on the lateral normal stress (c0

distribution (non-linear solution with strain-rate effect). z
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-- after At x60Omin.

(see f ig 2a)
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Fig. 7.11 Lateral normal stress (a zo) distribu. ion within the IAL boundary

zone at a time interval of ft -60 minutes (i.e. non-linear with

strain rate effect solution,.
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Fig. 8.14 Thermoelastic strain vs. temperature change for the
determination of CTE of dry and wet FM73 and FM 300 K adhesive specimens.
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Table 3.1: Data of coefficient of thermal expansion (CTE) for different
U.D. FRP materials, from literature sources.

Material FRP Fiber Coefficient of thermal
Svstem Specification volume expansion [10 -6 C -  Source Comments

content I
Vf T Longitudinal ITransverse Reference

_____1 l 1 2

CFRP Celanese 0 75.0 1970
350/A
Chemstrand 0 [58]

CFRP HTS-ERLA 0.52 3.0 44.0 1975  mmersed in
GFRP E glass-epoxy 0.55 12.0 37.0 [59] oiled water

KFRP K49/ERLA - 4.0 66 1977

GFRP S-glass/ERLA 12.0 25
CFRP HMS/ERLA - 0.6 33 [73]

CFRP HTS/ERLA %0.50 - 1.2 27.3 1977
CFRP HMS/ERA % 0.50 - 1.2 27.3 1601

CFRP T300/Ep 828 0.65 - 0.3 33.0 1978
[611

KFRP 49/PR-286 0.5 1 - 2.1 60-80 1979
CFMP HTS 0.5 - 1.2 27-33 [62]

CFRP GY 70/339 - 0.7 25.2 1979
1251

CFRP HTS/epoxy - 0.9 35.0 19General
CFRP HMS/epoxy 0.0 32.0 1980 average
GFRP E glass/epoxy 6.3 21.0 data

KFRP K49 epoxy 0.02 57.0

CFRP T300/5208 % 0.70 0.02 22.5 1980
CFRP AS/3501 - 0.3 28.1 'General
CFRP HMS/3002M 0.48 - 0.23 33.5 [531 average
BFRP B(4)550S 6.1 30.3 1977 data
GFRP E glass/Schotch 0.45 S.6 22.1 [521

plylO02
KFRP Kevlar 49/epoxy - 4.0 79.0

CFRP - Carbon FRP KFRP - Kevlar FRP

GFRP - (lass FRP BFRP - Boron FRP

- V ~... . -7- - - -~--
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Appendix 1: Hygrothermai dta eva;iua ti 'c truai verse L kP specimen

exposed to hor water dititng ( y e 1,:.

1W FH TEMF 'hi ''H' ,,i EF"H II FH IH' 1L DELTT
Oi~iL I ' .-4 ,' / ", iL_,iU +00
Li01 H r,-- .i 

t 
I * tU LI 7r414 ... d2 4cE -1 +00

00l 2 1 O,;, ::1 -. + . 03.191. 1. 20049 74 E -04 +00
0 IH 69 0i4 3 +0. 80 C44 1.7 1 43 -F- 04 +00
004 IMt 6 US C 9.5 +0. 1 -04 +00
1115 IHt 70 050 40 . +0 .2 1 9 71441 E -04 +01
I0l6 IMM 0 L50414. 5 +0. 61-44 .r -1 : -4 +01

uC, 1Mrl 70 0S5 05.8 +0.: 1. 1 8002-'E 04 +01
: MM 7l 4io1 0 +w.3 1 1 .7Q43 -E.-0 +01

Lii_ __ MM LI L L5 i7. c .- 4, -- 1 t4o t ,rj E -0 +01

0I J +MM Li 005011.5 +0.4 -44 1 51'-744 4E-03 +01
11 1 Ir 7 Cl 1- : 12.0 0.5741 +041540,4- 01 +03

0l2 11, -1 : 051007.8 +. 6605. ,45917606E-03 +04
0l 1 1Mm 0510 114. +' 0. - -,' . 7 5 -'- 5 91 -0 +03
U014 1MM U 0510:-:. 0l +L. 32HU 2. 9000184E -03 +03
LIi IC . 77 1 i1 -4 4 .1 17:1 4E- 03 +L3
lit. Inn , LI 1 Li-' Li , i I1+ . : ', -: 20775 01 8O --0

01 1 L 4 . L +1 AC.E'i 3;41 i : £- 0 +0:3
L Ml I, C,, L ii 3. 5 '9441 1E -13 +03

0i1 in L I0 1 ',L Li +0 52 17,.5 :3. 5 1 E-03 +03
L I 'II 1, 508.5 I +0.949914 3. 869,892E- 0 +03

1 1IM 0 1 1 1K'.. Cl +0.970789 30511036£-0 +02
S 1MM 7 1 05L006. 0 +0. 986268 3. 97840389E-03 +02

- Ill 7 1 05 210.L +1 00444. 4. 041 *,'_ ,E-03 +02
L 4 1111 1 U5*.9 U +1. 0 L4 - 4. 1022446';E-03 +02

I IM 71 4 Li, 4 - i *, 4 1 4. 1,9;5 ?13E-03 +02
IM'l 7l 2t, Ox. LI +1 0 !54 8 4. 2374 - 0 +02
M , M 7 1 +.i- I. + 1i 2 4. 34487155E- 0 +02
IM j Li L. I +I . 0 57- 4.4-$' -4 >: :.E -0V +02

+I& .M 71 L0 I Li + 14 ., 5 1 t, 5EE- C, +02
h I IM 71 - +1.1 ., , 4. 5,7I07 '5E -0 +02

Appendix 2: Hygi . irmal data ev . ',,n for 'r, i. v C RP specimens

exp,s .I hot-water 1,i: ln . V - !IT.

Pk PH TEP .- TE M& 'iJ H LPSILO TUTHL DELTAT
,-hIhi:i l MIrl t,9 L- . +0. 0 uou U +00
i I ri'l 9 0 '4 12. . +0. 069648 7. 52280'92E -b +00

I 1M -4 0L5L1l 0 +1 11 -28 2. 52736 325E -05 +00
_ MM rJ Li,_I: 14. + . 14 'o -', 141 _,L-05 +00

0L4 1IMM t6-? C. ;1.5 +U. 27 -S1 7 9.63U9'94 7E-05 +00
00L 1MM I t 0 050407. 8 +E' 502094 1. r,66d64E'E-04 +01
Li0iR 1MM 70 090414.5 +0.bU00j50 2.u457iu4E-04 +01
Li¢i7 Inn 70 "9' -t7 8 .7i 12 i il170 0C M k _ .8 +0' L5 2,9.U1U 045'zl I04E-04 +01

IMM 70 0505U5.8 +Li. A71 0 1:3&E-04 +01

1 IIM 70 050607. R +L. 19-:7 1 !9 - 7.2 4 S4E-04 +01
i117 1MM 70 050 i. 5 +01. _5l;1 3. 1 0728-54E-04 +01

LII I rtl 72 0V8 12. +1. U91 3.23901iE-04 +04
LI IMM C I514- .-E +1. 1Lo1305 3 63910:113E-04 +04UI I IH-I 72 0 14.9 +1. ';.- ";,';P r. , 4,4E 0 +O
L114 IM.1 7 51108. U to 3. -47251E-04 +03Li

-  1MM ,' L ON 0 +1 3 0 .,., 5130, E-04 +03
Li, 1MM U- 1 0::09 0 +1 C, '.1 1 -:. 55 075E-04 +03
L17 InI 7 094Lln 0 +1 ., 5S47-69E-04 +03

1i: 1M Li 51Li', +1 257!5 5.67 9A1QE-04 +03
Il:: 1M+ - ,170, Li 7 -E-04 +03

t'1M 7' 0n1'-:0: +1 2 5 c3.U1 7E-04 +03
i I 80-D. I +t'l 0 L l7 . ' 19 ' E-04 +02

2 1 1 52 .i _-: 4 .:1 L.,22E-04 +02
- iH 71 Li521; Li * :I. , UoE-04 +02

4 1 -I C7 U520 1 '8 . .J +4E--04 +02
- N LrLi ,540. L 1 : :2 084E-04 +02

t'I, I ' -1 0521 f1-c ,--

_'.MM 155 .1 1 .... '._ r9 2 6E-04 +02
4 I1 71 052608.0 +. 11',3 3.c 11428E-04 +02
: IHl 71 052'908.5 +1 •Li0'0 -. 80092524E-04 +02

Itl 71 053102.0 +1 1__ H . ': 63E-04 +02

LI 34 IM 71 00208.0 +1 45416 , '4612E-04 +02
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Appendix 3: Hygrothermal data evaluation for FM73 adhesive specimens
exposed to hot-water during cycle III.

iF- RH TEMP DATE OMEGA% EPS ILON TOTAL DELTAT
00 I M 69 0503 10.7 +0. 000000-1 0 +00
:. ! I e. 3e. 050312. 0 +0. 163:398 1. 2970215E-04 +00
eI2 IMM E: 9 05031'.0 222729 1. 98156067E-04 +00
.0:3: IMN 69 5314- +E. 287179 2 -3*r31261E-04 +00
01.4 IM 69 05w319.5 +0. 514268 5. 60241247E-04 +00
n'5 I MM I 050407. +0. 9070- 1 1. 41 8895 lE-03 +01

ir16 INN 1 4050414.5 +1 .051663 1 .':4763298E--0' +01
-T I 7 050507. + . 3 25005 . 981E-03 +01

nj-', :iNM 701 1050515. 0 + 1. 4.391 18 .:: 6 994E 03 +01
9 IMM 7w 050 6 .1 + 1 . 6402229 3. I1 12262E-03 +01

I0. I M 717 050611 5 + I.66'8483 2. .t.174673E-03 +1
11I I r-1M!0,--005812.1 1 + 20985 8 13..: I .-:4532E-0 3 +0:
I1 IMM 2- 35100 7. + 2. 541015 G.61I1553E-02 + 4

IM 0 51014.- + 5:3097 . ..h243X793E-03
01i 4 I Mrri 0 5 11 + 659678 a. 62799078E-3 +0-
015 1MM 05 14 20. H +2. 74763' : . , "-. E 0 +.-

1IM.051:309. +2. 26109 :. 65501205E-03
017 [MM 72 051 408. 0 +2. 914443 3. 65501205E-03 +0

I1 IN 72 01508. 0 +2. 140:3 3. 656813 47E-02 +03

01? I r,! 72 51708.0 + 3.1CC10Q2 09 :2:. 56 134_(E -LI: +0_-
' m I ,IM 1 108. +::. 19r' 7 14458-- E-I-11+ .. .l .. +.15 *9-. ,(,,,oE- -, +03

S 1NM 7J 0 5212,- f + 2 S 71147874E-02In.:l.-, Il *I j-1=,2 ',, H- +:-, 7 1i :-' 1 '. ' ' "--759'- 0:" +1-.4 IN 71 Q19 5 . .i +:2. 21 , 1. C,-759 E-0 : +0C72

1 I .,1M 7 91. ' .1 +: 144 - .1 7 ::-75'9E-0:-
1]i' 11I T tt 0520'. 7 7 4514-1E-0 +11

S i M,1 71 U-15- ::. 5 +.. 4"7854 ::. I4I5071 1E--00S INNM 71 053108-. 0 +-. 53-6570 :-:. 74750711 E-0:3 +02

-. 0 1MM 717 060203.0 +3",. 607843 3.4-. - +02.... "4 .,~'74 - 8,- E-0- +
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